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FOREWORD 


This summary document is the first of six volumes that present the vork 
consisted by the Spacecraft Division of the Aerojet-General Corporation on tbe 
"Research Study to Determine Propulsion Requirements and Systems for Space 
Missions". This study, initiated on 1 February 1961 for the National Aeronautics 
and Space Administration, under Contract NAS 5"915i bas two major objectives: 
first, establishment of the general propulsion requirements vhich are anticipated 
for future space missions, including earth-orbital, lunar, and Interplanetary 
operations; and, second, optimization of system parameters and characterization 
of space-propulsion systems for several specific space missions. Technical 
efforts on the study were completed on 51 October 1961 . 
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i. introduction 

This volume sunaarlses the material presented In detail in Vols. lie, lib, 
III, IVa, and IVb. 

The research study was organised In tvo phases. Phase I covered mission 
analysis, system concepts, and mlsalon/system classification. 

The work completed during Phase II cf the study consists primarily of (a) 
evaluation of propulsion requirements and criteria; (b) selection and evaluation 
of alternate propulsion-system concepts; and (c) specification of selected 
integrated conceptual system design for each of four space missions which were 
specified for further study by NASA at the completion of Phase I. The four space 
missions include: (.1) manned circumlunar missions, (2) manned lunar orbiting and 
return missions, (3) manned lunar landing and return missions, and (4) an unmanned 
24-hr satellite mission. Injected spacecraft weights consistent with the capabil¬ 
ities of the Nova, Saturn C-3, Saturn C-2, and Centaur vehicles were considered. 

The evaluation of propulsion requirements and criteria consisted primarily 
of reference to and extension of the generalised maneuver requirements as estab¬ 
lished in Phase I. This extension included: (a) selection and verification of 
appropriate three-dimensional nominal trajectories for each lunar mission; (b) 
verification of the propulsion requirements for trajectory corrections; and (c) 
further analysis of requirements and criteria for the specific maneuvers at the 
moon and for the 24-hr satellite operation. 

The selection and evaluation of alternate propulsion concepts involved 
establishing a series of basic alternate propulsion-system concepts through the 
combination of available propulsion-system characteristics for the specified 
maneuver requirements. The alternate integrated systems were evaluated primarily 
on the basis of performance, with secondary consideration, including reliability, 
operational characteristics, and system flexibility. 

The final part of the study consisted in detailed specification of the 
systems recommended for each mission. The accuracy of the performance and weight 
calculations was increased by a review of configuration and structure requirements. 
Optimisations were carried out and presented for the major propulsion-system 
parameters, and the operational sequence and the utilisation of specified 
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I Introduction (cent.) 


propulsion systems for the required maneuver vas outlined• Tabular specification 
of system parameters and characteristics of the selected system is included. 

II. MISSION ANALYSIS 

The following categories of space missions and maneuvers are considered 
representative of the various space activities which are currently being under¬ 
taken, or will be initiated, in the foreseeable future: (a) orbital corrections, 
(b) orbital rendezvous, (c) lunar and interplanetary trajectory corrections, 

(d) lunar and planetary orbiting maneuvers, and (e) lunar and planetary landings 
and takeoffs. 

Throughout the study the effort was made to obtain generalized coverage, 
rather than to consider specific applications, thus providing a comprehensive 
analysis of the possible variations and ramifications of the specified missions 
and maneuvers. The example considered in Appendix III-M, Volume III demonstrates 
the versatility available a:; a result of this approach. 

Specific payloads and vehicle sizes were considered only in developing 
representative system characteristics for the mission/system classifications. 

Most parameters were presented on the basis of per-unit-initial-mass, in order to 
allow direct scaling of the results with vehicle gross weight. Hie analyses of 
orbital maneuvers were generally based on impulsive thrusting assumptions. A 
simplified non-optimum trajectory model was then used to establish upper limits 
on the effects of finite burning time. This model predicted excessive velocity 
penalties for acme cases, and a more accurate finite-thrust orbit analysis was a3so 
considered. However, the simplified model was useful in guaranteeing the feasi¬ 
bility of straightforward, orbital-maneuver trajectories with only nominal 
finite-thrust penalties for many cases of interest. 

The characteristics which were evaluated as basic mission-related propul¬ 
sion requirements included: (a) ideal velocity-increment requirements, (b) de¬ 
sirable initial thrust to mass ratios, (c) required total impulse accuracy, (d) 
required thrust variability, (e) restart requirements, (f) thrust vector control 
characteristics, and (g) storability requirements. 
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II Mission Analysis (cont.) 


Ihe ideal velocity requirements are established directly from the nature 
and characteristics of the maneuver, while the required total-impulse accuracy 
is normally determined by the accuracy with which the maneuver must be completed. 
The desirable initial thrust-to-mass ratios were established from considerations 
including: (a) maximum acceleration tolerance of payload, (b) required cutoff 
impulse accuracy, (c) increase of propulsion system weight with thrust, (d) 
variations in AV requirement with thrust level, such as those due to gravity 
and drag losses, (e) effects of maneuver duration on guidance complexity, as for 
orbital maneuvers, and (f) effects of accelerometer bias errors on monitoring 
accuracy for the maneuver. The requirements for thrust variability, restart, 
thrust-vector control, and storability were established directly from the 
characteristics of the maneuvers. 

A. ORBITAL CORRECTIONS 

In determining the propulsion requirements for orbital corrections, 
most of the orbital maneuvers which it might be desirable to accomplish have 
been considered. These include: (l) control of orbital perturbation including 
atmospheric drag, earth oblateness effects, solar pressure and solar and plane¬ 
tary gravitational effects, (2) control of orbit eccentricity, (J) orbital plane 
changes, (k) orbital altitude variation and control, (5) orbital epoch changes, 
and (6) correction of injection errors. 

1. Control of Orbital Perturbations 
a. Atmospheric Drag 

The most significant disturbance from the standpoint 
of absorption of orbital energy confronts a satellite that must pass over the 
earth at low altitudes. Observation and communication satellites, which may 
be required to pass within less than 200 n.mi. of the earth's surface, will 
become subject to significant and persistent aerodynamic-drag forces, Utoe 
analysis of propulsion requirements to overcome atmospheric drag was concen¬ 
trated on the range of practical orbits for observation and communication 
satellites. Circular orbits with altitudes as low as 60 n.mi. and elliptical 
orbits with perigee altitude of 100 n.mi. have been examined. Right-circular, 
aluminum-surfaced, cylindrical and spherical satellites were considered. 
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II Mission Analysis, A (cont.) 


The work of Sanger, Tsien and Shamberg* was utilised in 
determining propulsion requirements necessary to counteract the effects of 
aerodynamic drag. It was determined that the total impulse required frcm a 
propulsion system is the product of the drag force and the duration of its 
action. The propulsion requirements to overcome atmospheric drag were sumnarised 
as follows: 

Thrust levels will range from small fractions of a 
pound, for small satellites at high altitudes (200 n.mi. or hitler), to 20 lb 
for 20-ft-dia satellites at low (6o-n.mi.) altitudes. The total impulse re¬ 
quired may range from less than 100 lb-sec/day, for small satellites at high 
altitudes, to over 1 x 10^ lb-sec/day, for large satellites at low altitudes. 

Objectionable changes in altitude may result frcm the 
fact that the applied thrust to overcome atmospheric drag does not equal the 
aerodynamic-disturbance force. In most cases, the required thrust-vector control 
can be accomplished by the attitude-control system, rather than the propulsion 
system itself performing the operation. 

b. The Barth’s Oblateness Effect 

The earth’s oblateness effects the motion of a satel¬ 
lite in a number of ways. D. G. King-Hele** examined orbits with eccentricities 
of 0.05 or less and determined that the four elements of the orbit which are 
effected are: (l) the period of revolution, (2) the rate of rotation of the 
orbital plane, (?) the rate of rotation of the major axis of the orbit, and 
(4) the oscillation in the radial distance. To correct all four conditions, it 
would be necessary to offset the increase in gravitational attraction, which is 
an increasing function with latitude, by a variable force applied to the satel¬ 
lite, in the radial direction. A continuous, variable thrust would be required 
to overcome the oblateness effect completely, which seems impractical. However, 
the effect of the earth’s oblateness which seems most likely to require correc¬ 
tion, is the rotation of the orbit plane. 

^References 2, 5, and Volume II. 

Reference 5, Volume II. 
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II Mission Analysis, A (cont.) 

The propulsion requirements to compensate for the rota¬ 
tion of the orbital plane due to the earth's oblateness were computed as follows: 

Velocity requirements vary between values of less than 
100 ft/sec/day, for high altitudes and large inclination angles, to about hOOO 
ft/sec/day, for a 100-n.mi. equatorial orbit. Initial thrust-to-mass ratios may 
range from approximately 0.05 to 1.0 lbf/lbm. The use of-initial thrust-to-mass 
ratios in this range will result in realistic burning times for all cases. 

c. Solar Radiation Pressure 

Solar radiation pressure can cause the altitude of 
satellites with large surface-area-to-mass ratios to vary; but the corrections 
required to counteract this change would be small, and could be made with a 
system which combined attitude control and station keeping. Since attitude- 
control systems were not a subject for consideration in this study, no further 
determination of propulsion requirements for controlling solar-radiation pres¬ 
sure was made. 

d. Satellite Perturbations Due to Lunar and Solar Gravities 

Hie only effects of solar and lunar gravities which 
significantly change the motion of the satellite are the regression of the nodes 
and the oscillation of the orbit-inclination angle. Perturbations due to these 
effects can be controlled by a combined attitude-control and station-keeping 
system. The requirements of such a system therefore were not defined In this 
study. 

2. Orbit Eccentricity Control 

Operational requirements may make it necessary to change the 
eccentricity of satellite orbits so that a large spacial coverage can be obtained 
with one satellite. Propulsion requirements necessary to effect these changes 
were determined as follows: 

The velocity requirements range from 100 ft/sec for ve'ry 
small changes in orbit eccentricity, to values of about 5000 ft/sec for large 
changes in eccentricity. Initial thrust-to-mass ratios may vary between 0.05 
and 1.0 for most operations. Ihe desirable upper limit will usually not exceed 
1.0 lbf/lbm, so that burning times and burnout accelerations remain realistic. 
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II Mission Analysis, A (cont.) 


Thrust modulation and restart capability will generally not 
be a requirement for a propulsion system required to change the orbit eccentri¬ 
city. Thrust-vector control may be required for high accelerations, but the 
attitude-control system of the vehicle will generally be sufficient at low 
accelerations. 

3. Orbital Plane Changes 

Plane-changing maneuvers may be required to perform various 
functions required of an earth satellite, such as correction of regression of 
the modes due to the earth's oblateness, interception and rendezvous, and 
varying special coverage. An analysis was performed to determine the propulsion 
requirements to rotate the plane of an orbit through a given angle. Both cir¬ 
cular and elliptic orbits were examined, and rotation angles to 45° for orbital 
altitudes between 300 n.mi. and 19,310 n.mi. were considered. The propulsion 
requirements determined by this analysis are summarized as follows: 

The velocity increment required to change the orbital plane 
varies as a function of the altitude and rotation angle within the region 
considered. The required velocity increment could vary between 200 ft/sec (the 
AV required to rotate a very high altitude orbit 1°) to 19,000 ft/sec (the AV re¬ 
quired to rotate a 300-n.mi. orbit 45°). 

Initial thrust-to-mass ratios will range between about 0.5 
and 2.0 at the 300-n.mi. orbit, and 0.15 to 1.0 at a 24-hr orbit for the maximum 
requirements. To accomplish very large plane changes at low altitudes by a 
single thrusting maneuver, an initial thrust-to-mass ratio of about 3*0 would be 
desirable; however, if the system has no variability, the final thrust-to-mass 
ratio may be as high as 15.0, which exceeds the allowable acceleration for 
manned vehicles. This indicates that either staging or a variability of about 
2.0 is desirable for such maneuvers. 

Thrust-vector control will probably be required for the 
larger plane changes; however, the attitude-control system will probably be 
adequate for the smaller plane changes. 

4. Orbital Altitude Variation 

Propulsion requirements to transfer fran one circular orbit to 
another coplanar, circular, orbit of different altitude were determined for both 
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II Mission Analysis, A (cont.) 


impulsive and continuous-thrust assumptions, lhe propulsion requirements were 
established as follows: 

The velocity increment requirement will be a few hundred 
ft/sec for small altitude changes. For large variations in altitude, the 
velocity increment requirement may be on the order of 14,000 ft/sec, if two 
impulsive thrusts are used, (one at perigee and one at apogee), or 19,000 ft/sec 
if continuous thrust is used. 

Initial thrust-to-mass ratios for the maximum requirements 
will vary between 1.0 and 2.0 at the 300-n.mi. orbit and 0.1 and 2.0 at a 
24-hr orbit. 

Thrust modulation will generally not be required; different 
velocity requirements at perigee and apogee can be achieved by two different 
burning times. 

Thrust variability or staging may be required to perform 
maneuvers with manned vehicles, at the maximum velocity requirements, in order 
to stay within the bounds of maximum thrust-to-mass ratio; i.e., about 8 lbf/lbm. 
For the largest requirement, thrust variability will be approximately 1.2 
maximum. 

A zero-g, restartable, propulsion system will be required to 
perform the perigee and apogee operations unless a continuous, low-thrust pro¬ 
pulsion system is used. 

Short-term storability will be required; however, if very low, 
continuous thrust is specified, long-term storability may be necessary. 

Thrust-vector control may be required if the vehicle’s attitude- 
control system does not have adequate capability at the higher thrust-to-mass 
ratios. 

5- Orbital Epoch Change 

a. 'types of Maneuvers 

Three types of maneuvers for achieving an epoch change 
were analyzed: (1) the use of continuous thrust, (2) impulsive transfer to a 
new path for a fast or emergency transfer, and (3) a special case of the fast 


Page 7 





II Mission Analysis, A (cont.) 


transfer in which the satellite is required to achieve the epoch change in one 
orbital revolution. 


b. Continuous Thrust 

When an epoch change is made using continuous thrust, 
velocity is increased during the first half of the transfer, and decreased during 
the second half, or vice versa, depending on whether the epoch change is "leading” 
or "lagging". The original circular-orbit path is maintained during the maneuver 
by directing an appropriate thrust component along the radial axis. The radial 
thrust component is directed inward, when the velocity is greater than that for 
the normal circular orbit, and outward when the velocity is below orbital. 

Generally, the continuous-thrust method appears most 
applicable when the epoch change to be made is very small, such as in terminal 
phases of a normal rendezvous maneuver. 

c. Fast, or Emergency Transfer 

Fast, or emergency transfers,require transfer by impul¬ 
sive thrust to new trajectories. If the desired position "leads" the satellite, 
the new trajectory is either elliptical or hyperbolic; depending on the magnitude 
of the change required. If the desired position "lags" the satellite, the new 
trajectory is elliptical. The new trajectory intersects the original circular 
orbit in such manner that the satellite achieves the epoch transfer at the time 
of intersection. At this instant, a velocity increment, equal to that applied 
to transfer it to the new trajectory, returns the satellite to the original 
circular orbit. 


d. Special Case of the Fast Transfer 

The special case of the fast transfer was considered, 
in which the satellite is transferred by impulsive thrust to an elliptical path, 
in such manner that it takes one revolution of the satellite to reach its de¬ 
sired position in orbit. Cases where the desired position leads the satellite, 
and where the desired position lags the satellite, were considered. 

Propulsion requirements to achieve an epoch change 
dictate two general types of systems. When the change to be made is small, the 
propulsion system required will generally be a low continuous-thrust system, 
and the velocity requirements will usually be less than 1000 ft/sec. The thrust 

must be variable in magnitude, with some means of controlling the thrust vector. 
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II Mission Analysis, A (coot.) 


For general epoch changes in which the maneuver dura¬ 
tion is not tightly restricted, the operational mode described as a "special 
case" can be used, lfcis method will generally require velocity increments which 
are less than those necessary for continuous thrusting. For this type of system, 
the velocity increment will range from a few hundred ft/sec, for small epoch 
changes, to a maximum of about 8000 ft/sec for two impulses. 

Initial thrust-to-mass ratio will range between 0.5 
to 2.0 at the 300-n.mi. orbit, and 0.1 to 2.0 at the 24-hr orbit altitude. 

Thrust modulation will generally not be necessary unless this operation is part 
of a rendezvous maneuver, in which case modulation will be required for the 
terminal correction. Since two thrusting operations are necessary, the propul¬ 
sion system must have a zero-g restart capability with short-term storability. 

The propulsion requirements described above hold true 
for the fast-transfer method, with the exception that total velocity increment 
may be as high as 20,000 ft/sec for very fast transfer times, in which case the 
initial thrust-to-mass ratios will vary from about 1.0 at the 300-n.mi. altitude, 
to between 0.1 and 1.0 at the 24-hr orbit altitude. At the very high require¬ 
ments, it may be necessary to have thrust variability, or staging, to maintain 
acceptable accelerations for manned vehicles. For the maximum AV requirements 
with a manned vehicle, the required variability could be as large as 2.0. Also, 
the propulsion system will probably have to provide for thrust-vector control, 
since the attitude-control system will normally not be sufficient at the higher 
accelerations. 

6 . Correction of Injection Errors 

Two methods which could be used to correct injection errors 
were analyzed. The first method consists of correction of the errors in each 
orbital parameter separately; this is termed the three-impulse transfer. In 
the second method, the errors are corrected simultaneously by one maneuver; this 
result can be achieved by selecting a point in the desired orbit and then utiliz¬ 
ing continuous thrust to attain that position. 

In the three-impulse transfer method, errors in eccentricity 
and perigee altitude can be corrected simultaneously, and errors in the orienta¬ 
tion of the orbit plane can be corrected by an additional impulse, applied at 
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II Mission Analysis, A (cont.) 


the proper location. The propulsion requirements to correct anticipated 
nominal injection errors, using the three-impulse transfer, are velocity incre¬ 
ments ranging from a few ft/sec to approximately 1000 ft/sec, and initial thrust- 
to-mass ratios ranging from 0.1 to 0.5 at low orbital altitudes, and 0.01 to 
0.5 at the 24-hr-orbit altitude. 

If the continuous-thrust method is used, the propulsion 
system will require continuously modulated thrust. This method actually amounts 
to the rendezvous technique. The general requirements for rendezvous-propulsion 
systems are discussed in the following section. 

B. ORHTAL RENDEZVOUS 

Two basically different types of rendezvous were analyzed. The 
first assumes that rendezvous is composed of two operations, a coarse injection 
maneuver and a fine correction of the injection errors. The second type 
employs a homing technique, in which the rendezvousing satellite hemes onto the 
target satellite. The rendezvous is accomplished simultaneously with injection. 
Besides these two basically different types of rendezvous, specific rendezvous 
problems were analyzed; particularly, rendezvous with the "dogleg" maneuver and 
the emergency rendezvous. 

1. Rendezvous with Nominal Injection Errors 

In this analysis, it was assumed that out-of-plane errors are 
small compared to in-plane errors, resulting in a two-dimensional rendezvous. 

Two cases were analyzed, (a) continuous thrust was assumed, and the results are 
descriptions of actual trajectories; and (b) it was assumed that the rendezvous¬ 
ing and target satellites had rectilinear motion, and that impulsive thrust is 
used to obtain rendezvous. 

Two rendezvous problems were included in the analysis of 
continuous-thrust rendezvous. In the first problem, it was assumed that the two 
satellites are in the same orbit, while in the second problem they are not. The 
propulsion requirements necessary when the satellites are in the same orbit were 
determined in connection with the orbital epoch charge. The general propulsion 
requirements for the terminal phase of the rendezvous maneuver are as follows; 
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II Mission Analysis, B (cont.) 


a. Velocity requirements will range from a few ft/sec to 
as high as 1000 ft/sec. 

b. Maximum accelerations should not exceed 25 to 50 ft/sec 2 , 
with the minimum values as low as lor 2 ft/sec 2 being desirable. Uiis results in 
an initial thrust-to-mass ratio range of approximately 0.01 to 1.5. 

c. Thrust variability will generally be required, with a 
maximum variability of the order of 100 required between the initial closure 
thrust and the terminal maneuver. 


d. Restart capability and short-term storability will be 
necessary. Thrust-vector control can probably be accomplished with an attitude 
control system. 

2. Rendezvous by Combined Terminal Guidance and Injectiun 

The technique used in this method combines orbital injection 
with terminal-homing guidance in a two-dimensional field. A trajectory analy¬ 
sis was based on a satellite interceptor rendezvousing with a satellite in a 
circular orbit. A specific case was examined in which the rendezvousing satel¬ 
lite injects from a parking orbit, and then homes on the target satellite at 
apogee. 

The general propulsion requirements for rendezvous by com¬ 
bined terminal guidance and injection are as follows: 

a. Velocity increments will range frcm 500 ft/sec to 

5000 ft/sec. 


b. Initial thrust-to-mass ratio will range between a 
maximum on the order of 1.0 to 3.0 and a minimum of 0.01. This wide range indi¬ 
cates that variability will be required. Variability can be accomplished by a 
very accurate injection, using a large primary-propulsion system and a separate, 
small, station-keeping system for the terminal phase of the rendezvous. 

c. Thrust-vector control other than that supplied by an 
attitude-control system may be required for high accelerations. Short-term 
storability may be necessary; restart capability will often be required to 
augment thrust-variability control. 


Page 11 








II Mission Analysis, B (cont.) 


3* Rendezvous with the Dogleg Maneuver 

Rendezvous with the dogleg maneuver will generally be com¬ 
prised of two separate maneuvers, the first to make the orbital plane-change and 
injection, and the second to make the final rendezvous. Since requirements for 
the final rendezvous were determined previously, only requirements for the first 
maneuver were considered in the analysis. 

Propulsion requirements for the coarse rendezvous correction 

are as follows: 

a. Velocity requirements will range from approximately 
500 ft/sec to 18,000 ft/sec depending upon the injection velocity and the dogleg 
angle required. The initial thrust-to-mass ratio is determined by the velocity 
requirement and the allowable burning time, and can vary within a range between 
0.01 and 3.0, depending on the specific operation. Thrust variability may be 
required for the largest corrections, with maximum variabilities of the order of 
2.0 required. 

b. Restart capabilities for the fine maneuver will general¬ 
ly be required, and thrust-vector control, other than that supplied by the 
attitude-control system, may be necessary with the larger accelerations. The 
total system variability required to perform a dogleg rendezvous maneuver may 

be as high as 1000:1. 

4. Emergency Rendezvous 

An emergency rendezvous operation may include any or all of 
the following operations: (a) injection with the dogleg maneuver, (b) orbital 
epoch change, and (c) final rendezvous. Thus, velocity requirements for 
emergency rendezvous are the sum of those for the individual maneuvers. Pro¬ 
pulsion requirements to perform an emergency rendezvous may be summarized as 
follows: 

Tfte velocity requirements can range from 1000 ft/sec to 
25,000 ft/sec, with the maximum velocity needed for a rendezvous with dogleg 
and fast epoch transfer. 
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II Mission Analysis, B (cont.) 


The initial thrust-to-mass ratios will vary widely depending 
upon the requirements. For the coarse maneuver, it may range between 1.0 and 
3.0, with thrust variability as high as 3:1 needed for the extreme requirements. 
The thrust-to-mass ratio for the terminal rendezvous operation will vary between 
0.01 and 1.5. Gfoe required overall system variability may be as high as 1000:1. 
Restart capability will be required for fast epoch changes, and thrust-vector 
control, other than the attitude-control system, will be required due to the 
high accelerations. Short-term storability will be required for almost all 
emergency rendezvous maneuvers. 

C. LUNAR AND INTERPLANETARY TRAJECTORY CORRECTIONS 

The propulsion requirements necessary to perform lunar and inter¬ 
planetary trajectory corrections were established by error analyses for the 
nominal trajectories and particular missions considered. In the analysis of 
trajectory corrections, both midcourse corrections and terminal corrections were 
considered for the following missions: (l) midcourse corrections for earth- 
moon flights and earth-Mars flights, and (2) terminal corrections for outbound 
lunar flights, and return flights from the moon and Mars. 

1. Midcourse Corrections 

Midcourse correction capability for space missions will 
normally be required on ballistic flights, where the uncorrected trajectory 
results in miss-distances which are excessively large for terminal-phase 
correction. The propulsion requirements for midcourse corrections are affected 
by the following factors: (a) the initial burnout-velocity-vector accuracy, 

(b) the allowable miss distance at the target body, (c) the accuracy of mid¬ 
course navigation and guidance equipment, (d) the accuracy with which the cor¬ 
rective maneuvers are carried out, and (e) any significant inaccuracies in 
astro-physical data. 

a. Earth-Moon Flights 

Three outbound lunar flights of I.50, 2.00, and 2.75 
days duration were considered as representative of current and probable future 
lunar missions. It was assumed that the required midcourse correction would 
be established from earth-based radar tracking data. 
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The propulsion requirements determined for aidcourse 
correction on earth-moon flights may be summarized as follows: 

(1) Corrective velocity-increment capabilities 
between 25 and 250 ft/sec are required, with specific requirements primarily 
dependent upon the tracking system and initial burnout accuracies. 

(2) The upper limit on thrust level for acceleraa- 
eter-monitored midcourse propulsion is established either by payload accelera¬ 
tion tolerance (8-g maximum for manned vehicles and 20 g for unmanned payloads 
was assumed), or by the requirement for O.li cutoff accuracy in delivered im¬ 
pulse. The lower limit is established by the maximum burning time per correc¬ 
tion of about 5 minutes, based on typical accelerometer bias errors. 

(3) Wo requirement for thrust modulation is apparent 
for lunar flights. Total-impulse control must be accurate to within approxi¬ 
mately 0.356. lhrust-vector control will be required to maintain appropriate 
vehicle orientation during the correction, unless this function is provided by 
an auxiliary attitude-control system. Requirements for several restarts under 
zero-g conditions are definitely indicated, although a single accurate correc¬ 
tion will be adequate for early flights. Storage durations, and times between 
restart, on the order of fractions of a day to several days, are indicated. 

b. Earth-Mars Flights 

Three missions to Mars were selected as being repre¬ 
sentative of outbound interplanetary flights. Examination of the parameters 
and method of analysis indicates that the midcourse correction requirements on 
flights to Venus W return will be similar, since the navigation accuracies and 
initial guidance errors are the predominant effects. Thus, the results pre¬ 
sented in this portion of the study may be considered generally representative 
for midcourse corrections on the interplanetary flights which are considered of 
current major interest. Barth-Mars flight times of 100, 150, and 259 days were 
selected, and the trajectory parameters were chosen to result in the minimum 
total velocity-increment between parking orbits about the terminal planets, 
fliese trajectories require initial burnout velocities at earth of 45,400, 

39 ,750, and 37,050 fps, respectively. 
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The primary navigation and guidance system which was 
considered for the mldcourse phase includes (1) an optical system, relying on 
sun and planet bearings for position and velocity data, with stellar references 
for orientation information, and (2) a basic inertial guidance system for con¬ 
trolling propulsion during the actual midcourse corrections. 

The propulsion requirements for midcourse correction on 
outbound Mars flights are summarized as follows: 

(1) Corrective velocity increment capabilities between 
50 and 1000 ft/sec are required, with specific requirements dependent upon the 
accuracy of the navigation system. 

(2) The upper limit on thrust level Is established 
either by payload acceleration tolerance, or by the requirements for O.yfo cutoff 
accuracy in delivered total impulse. The lower limit is established by the 
maximum bijarning time per correction of about 25 minutes, based on typical 
accelerometer bias errors. 

(5) No requirement for thrust modulation is apparent. 
Total-impulse control must be accurate to within approximately O.J^. Thrustrvector 
central will be required to maintain appropriate vehicle orientation during the 
correction, unless this function is provided by an auxiliary attitude-control 
system. Multiple restarts (up to 5 or 6) are indicated. Storage requirements, 
and times between restart for the midcourse-prqpulsion system will be on the 
c ier of 2 to 200 days. 

2. Terminal Corrections 

Terminal trajectory corrections are classed as the impulses 
applied to correct the final perigee distance after the target body's gravita¬ 
tional effects have become predominant. The nature of terminal trajectory 
corrections differs from that of midcourse corrections for two basic reasons: 

(a) the trajectory is being affected by the target body's gravitational field, 
and (b) position errors become increasingly important in determining the final 
perigee distance as the target is approached. Propulsion requirements for ter¬ 
minal corrections on outbound lunar flights and outbound Mars flights were con¬ 
sidered first. 
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a. Outbound Lunar Flights 

The ideal velocity increments required for terminal 
corrections on outbound lunar flights of 1.5, 2.0, and 2.75 clays duration were 
obtained as a function of the initial miss distance. The terminal-navigation 
system considered consists of a vehicle-borne optical tracker, combined with a 
basic inertial guidance system to monitor the correction. 

The propulsion requirements for terminal corrections on 
outbound lunar flights can be characterized as follows: 

(1) AV: Ideal corrective velocity increments of 
between 25 and 500 ft/sec are indicated, with the specific requirement dependent 
primarily on the initial miss-distance and the accuracy of the terminal 
guidance. 

(2) Thrust level: The upper limit on thrust level 
will be established either by the payload acceleration tolerance, or by the 
typical cutoff accuracy requirement of Q>.% on delivered total impulse. The 
lower limit on thrust level will result from a maximum burning time restriction 
of about 10 minutes, due to the effects of distance traveled during burning. 

For a representative maximum corrective AV of 400 ft/sec this limitation indi¬ 
cates a thrust-to-mass ratio of at least 0.02 lbf/lbm. 

(5) Controllability: Total-impulse control must be 
accurate to 0. %. No requirement for thrust variability is apparent. Since 
one or two accurate corrections appear most desirable, a limited number of re¬ 
starts are required. Necessary thrust-vector control may often be provided by 
the conventional attitude-control system, if available. 

(4) Storability: Storage times in transit before the 
terminal correction will be on the order of 1.5 to 5 days. 

b. Outbound Mars Flights 

The ideal velocity increments required for terminal 
corrections on outbound Mars missions of 100, 150 and 259 days duration were 
established vs the initial miss-distance. 
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A vehicle-borne terminal guidance system similar to 
that for the lunar mission was assumed. For the Mars mission, however, the 
sensor might be required to operate in the infrared spectrum rather than the 
visible spectrum, due to the effects of the Martian atmosphere. 

The propulsion requirements for terminal corrections 
on outbound Mars missions may be summarized as follows: 

(1) AV: Corrective velocity increments between 100 
and 1000 ft/sec are indicated; specific requirements are determined by the 
terminal guidance accuracy, the energy of the approach trajectory, and the 
initial miss-distance. 

(2) Thrust level: The upper thrust-level limit 
will be set by the payload-acceleration limits, or by the total impulse accuracy 
requirement of 1.0#. The lower limit will correspond to the maximum allowable 
burning time due to the increasing AV requirement; this duration limit is set 
at about 30 minutes, which indicates a mini mu Lhrust-to-mass ratio of approxi¬ 
mately 0.02 Ibf/lbm. 

(3) Controllability: A delivered total impulse 
accuracy of 1.0# is indicated. No controllable thrust capability is required, 
although limited restart capability seems to be desirable. Thrust-vector 
control will probably be provided by an available attitude-control system. 

(4) Storability: Storage time, on the order of 100 
to 250 days before the terminal-correction maneuver, is indicated. 

c. Return Flights 

The propulsion requirements for terminal corrections on 
lunar and Mars return flights were determined. The method of approach used 
was similar to that for determining outbound terminal corrections, except for 
these two basic differences: 

(1) The terminal-guidance system for return flights 
is assumed to consist of earth-based, radar-tracking facilities which provide 
command data to the vehicle; the actual corrective velocity increment i3 still 
monitored by a vehicle-borne inertial system. 
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(2) The lunar return flight lies almost entirely in 
the terminal-phase flight regime. No midcourse corrections were assumed. How¬ 
ever, adequate time is available to make more than one terminal correction 
during the return flight. 

Two types of earth-based, radar-tracking facilities 
were considered. They are the conventional world-tracking net, using steerable 
antennas, and a long-baseline, phase-lock system with high angular resolution. 

(a) Lunar Return Flights 

A representative lunar return flight of 
2.75 days duration was chosen. The initial miss distance was 5200 n.mi., 
which corresponds to an angular error at burnout, in the vicinity of the moon, 
of about 25 millirads, which is considered to be a very inaccurate launch. 
Achieving earth impact on the return flight will be easy, particularly for low- 
energy trajectories, since the vehicle effectively "drops" to earth. 

Two techniques for making terminal correc¬ 
tions were considered: (l) corrections are made.at radii frcm the earth 
ranging from 18,000 to 57,000 n.mi., depending upon the radar system used, and 
resulting in ideal AV requirements of between 595 and 125 ft/sec, respectively; 
and (2) two corrections are made, one at a radius of 200,000 n.mi. frcm the 
earth and a final correction at 18,000 n.mi. The AV requirement was found to 
be 5^ ft/sec for the first correction and 29 ft/sec for the second. The total 
AV is thus only 65 ft/sec, using this approach. 

The propulsion requirements for trajectory 
corrections on lunar return flights may be summarized as follows: 

1 AV: Ideal corrective velocity in¬ 
crements between 50 and 500 ft/sec may be expected. Specific AV requirements 
will depend primarily upon the energy of the return trajectory, the initial 
miss-distance, and terminal guidance accuracies. 

2 Thrust Level: The upper thrust-level 
limit will be set either by the acceleration tolerance of the payload or by the 
requirement for 2 & total impulse cutoff accuracy. The maximum burning time is 
restricted to about 20 minutes, due to the increase in AV requirement with flight 
time, which indicates a thrust-to-mass ratio of at least 0.015 lbf/lbm. 
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2 Controllability: No requirement for 

thrust variability is apparent; however, capability for several restarts is 
desirable. Thrust-vector control will be necessary, unless an adequate attitude* 
control system is available. 

h Storability: Storage times may range 

from days to months, since the outbound flight time plus stay time must be 
considered. 

(b) Mars Return Flights 

The propulsion requirements study for 
terminal corrections on Mars return flights considered a nominal mission of 
150-days flight time, with a 100 n.mi. perigee altitude at earth. Hie initial 
miss-distance was 1900 n.mi., which presumes previous midcourse corrections. 

Only one terminal corraetion was considered, since the approach velocity i3 
high, resulting in a considerable decrease in the smoothing time which is 
available for the tracking and guidance functions. 

The propulsion requirements for terminal 
corrections of Mars return missions can be generally characterized ae follows: 

1 Velocity increments ranging from 200 
to 1500 ft/sec may be expected, with specific values dependent largely on the 
approach-trajectory energy and initial miss-distance. Hie accuracy of several 
consecutive corrections will reduce the required AV considerably, if adequate 
smoothing time is available for regaining guidance accuracy. 

2 Hirust Level: The upper limit is set 
by payload-acceleration tolerance or by the 1.0< maximum error in total impulse 
delivered. Hie maximum burning time appears to be restricted to approximately 
15 minutes for sane cases, which indicates a F/m Q value of at least 0.05 lbo/lbf. 

2 Controllability: Total impulse 

should be accurate to at least l.Oi. No requirement for thrust variability iff 
apparent. Restart capability is desirable if available smoothing time and 
tracking accuracies will allow for several consecutive corrections, reducing the 
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total ideal AV. Thrust-vector control is required, and may be provided by an 
auxiliary attitude-control system. 

4 Storability: Considering the out¬ 
bound and return trip durations and probable stay time on Mars, storage 
times of up to 2 or 3 years may be required. The time between restarts will be 
on the order of several hours. 

D. LUNAR AND PLANETARY CEBITINO MANEUVERS 

Analyses in the preceding section established the propulsion re¬ 
quirements to achieve a desired perigee altitude at the target. In this section, 
that perigee altitude will form one apsis point for orbiting maneuvers about 
the target body. 

1. Lunar Orbiting Maneuvers 

Approach trajectories of 1.5, 2.0, and 2.75 days were con¬ 
sidered, corresponding to hyperbolic approach velocities of 7120, 4950, and about 
4000 fps, respectively. 

The propulsion requirements for the lunar orbiting maneuvers 
considered are summarized as follows: 

a. AV: Impulsive velocity increments ranging between 2000 
and 5500 fps will be required, with specific requirements primarily dependent 

on the energy of the approach trajectory and on the eccentricity of the desired 
orbit. 

b. Thrust level: Initial thrust-to-mass ratios ranging 
from 1.0 to 2.0 will be desirable. 

c. Controllability: Delivered total impulse accuracy 
should be at least 0.2^. No requirement for thrust modulation is apparent, if 
the total impulse accuracy is satisfactory. Birust-vector control will be re¬ 
quired to maintain vehicle orientation and to control the trajectory, since 
thrust-to-weight ratios will be relatively high, and the conventional altitude- 
control system will usually be inadequate. Restart requirements for the main 
orbiting propulsion-system are not indicated. 
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II Mission Analysis, D (cont.) 


d. Storability: Storage times of several days are indi¬ 
cated by the typical lunar flight times. 

2. Mars Orbiting Maneuvers 

Propulsion requirements were investigated for maneuvers in 
orbiting Mars, both with and without the use of atmospheric deceleration. 
Approach trajectories of 100, 150, and 259 days vere considered, corresponding 
to hyperbolic velocities of 27,150, 17,200 and 8200 fps, respectively. 

Without atmospheric deceleration, approach perigee radii from 
200 to 2000 n.mi. were considered, with apsidal radius ratios ranging fran 0.70 
to 3*8* 

Atmospheric braking can be utilized to reduce considerably 
the propulsion requirements for Mars orbiting maneuvers. Several consecutive 
grazing passes, reducing the apogee altitude, could be made until the desired 
final apogee altitude is attained. At this time, a final velocity increment 
would be added to raise the perigee altitude and to establish the desired orbit. 

Orbiting maneuvers about the planet Mars can be carried out 
primarily through atmospheric deceleration for the flights considered here. 
Allowances on the order of 1000 fps should be included for perigee variation 
and orbit-control requirements. However, no primary rocket deceleration is 
required, providing that any aerodynamic heating problems which may arise are 
solved by vehicle-design techniques. 

The propulsion requirements for orbiting maneuvers about 
the planet Mars may therefore be sumaarized as follows: 

a. AV: Impulsive velocity increments for orbiting without 
atmospheric deceleration range from 4000 to 13,000 fps for 259- and 150-day 
approach trajectories, with a maximum of 23,000 fps for a 100-day flight, with 
injection into a high circular orbit. With atmospheric deceleration, desirable 
orbits can be achieved fran all approach trajectories with velocity increments 
on the order of 1000 fps. The advantage in utilizing atmospheric deceleration 
is readily apparent. 
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b. Thrust level: Initial thrust-to-mass ratios on the 
order of 1.0 to 3*0 lbf/lhn are Indicated. 

c. Controllability: Total impulse accuracy of 0.1< will 
be necessary for critical orbits without atmospheric deceleration. Thrust 
variation, or staging, may be required to maintain tolerable acceleration on 
maneuvers requiring large AVs. If atmospheric braking is used, the fractional 
total-impulse accuracy is relaxed to 0.3& since the required AVs are Bmall. 
Multiple restart capability is definitely required for orbiting with atmospheric 
deceleration, but thrust variation is not indicated, except if required for 
emergency situations. Thrust-vector control may be required for both cases. 

d. Storability: Space storage requirements, before 
ignition, on the order of 100 days to 1 year are indicated, with times between 
restart on the order of several hours for the atmospheric deceleration case. 

E. LUNAR AND PLANETARY LANDINGS 

Three methods for landing on the moon were considered: (a) direct 
radial approach and landing, (b) injection into circular orbit and a gravity 
turn from orbit to landing, and (c) injection into circular orbit, transfer to 
lower orbit, deceleration to zero velocity at low orbit altitude, and vertical 
descent to the surface. 

In calculating the propulsion requirements, errors in measured 
quantities and operational parameters were considered. The presence of errors 
indicates that the vehicle should be brought to effectively zero velocity at 
some safe distance above the surface to avoid destructive impact. Retrothrust 
with constant deceleration was considered, and final letdown from the zero 
velocity point was analyzed. Both operations will require variable thrust. 

The initial circular orbit altitudes considered were 50 n.mi., and 
200 n.mi. The lower circular orbit altitude, to which transfer is made fran the 
50- or 200-n.mi. orbits, had an altitude of 5 n.mi. A 66-hr trajectory was 
considered for all cases. 

The propulsion requirements for lunar landings using the three 
methods outlined are as follows: 
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1. Direct Radial Landing 

A direct, radial landing on the noon from a 66-hr trajectory, 
with no error in ignition altitude, requires an ideal velocity increment of 
9000 ft/sec. When error in ignition altitude is included, provision must be made 
for a letdown from an error altitude of 4 n.mi., assuming 0.33$ error in measured 
quantities. The additional requirement, due to error, is 800 to 900 ft/sec, 
bringing the total velocity requirement to between 9^00 and 9900 ft/sec. 

2. Gravity Turn From Circular Orbit 

The velocity increment required to land from a 50-n.mi. circu¬ 
lar orbit is 5700 ft/sec; from a 200-n.mi. circular orbit it is 6060 ft/sec. The 
velocity increment required for injection into circular orbits from a 66-hr tra¬ 
jectory is 3200 ft/sec for a 50-n.mi. orbit and 3140 ft/sec for a 200-n.mi. orbit. 
An error in zero velocity altitude of 5 n.mi. was assumed for the orbit landing, 
in order to compare the propulsion requirements of the two landing procedures. 

The velocity increment required to let down from 5 n.mi. is 1100 ft/sec. Thus, 
the total velocity requirements to land by a gravity turn from orbit, with earth- 
moon travel time of 66 hr are 10,000 ft/sec from a 50-n.mi. orbit, and 10,300 ft/ 
sec from a 200-n.mi. orbit. 

3. Transfer to Low Circular Orbit 

The third method considered consists of injection into circu¬ 
lar moon orbit, coplanar transfer to a low altitude (5 n.mi.) circular orbit, 
deceleration at constant altitude to zero velocity, and, letdown vertically to 
the surface of the moon. Velocity requirements for injection into the 200- and 
50-n.mi. circular orbits, and for descent from 5 n.mi. are 3140 ft/sec, 

3200 ft/sec and 1100 ft/sec, respectively. The velocity increment requirement 
for transfer from a 50-n.mi. circular orbit to a 5-n.mi, circular orbit is 110 ft/ 
sec; for a transfer from a 200-n.mi. orbit to a 5-n.mi. orbit the requirement is 
465: ft/sec. Constant altitude deceleration at 5 n.mi,, with a thrust-to-mass ratio 
of 1.0 requires AV = 56OO fps; this requirement does not vary rapidly with 
changes in either thrust-to-mass ratio or altitude. An effective error of 1° 
in thrust-vector angle was assumed, resulting in an additional velocity require¬ 
ment of 350 ft/sec, at a thrust-to-mass ratio of 1.0. Therefore, the total 
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propulsion requirements for landing on the moon, using this method ares AV of 
10,360 ft/sec for a 50-n.mi. orbit and AV = 10,655 ft/sec for the 200-n.mi. orbit. 

Prom the foregoing totals of propulsion requirements, it is 
evident that landing from orbit, on a gravity turn, has the lowest propellant 
requirement of the orbit-landing techniques considered. However, the constant 
altitude deceleration method is only 2 to 4$ more costly, and this margin can 
be reduced if more accuracy than that which was assumed can be achieved in the 
thrust-vector control. A direct, radial landing requires 2 to 8$ less velocity 
increment than the orbital cases and may be desirable in order to reduce navi¬ 
gational and operational complexities. All of the maneuvers require thrust 
variability; a thrust variability of 6 to 8 appears to be adequate for most cases. 

2. Mars Landing 

The propulsion requirements for landing on Mars were investi¬ 
gated for a direct, radial landing and a landing from orbit. 

a. Direct, Radial Landing 

Direct, radial landings on Mars considered three ap¬ 
proach velocities: 18,100 ft/sec, 22,850 ft/sec and 31,300 ft/sec, correspond¬ 
ing to Earth-Mars transit times of 259, 150, and 100 days, respectively. The 
analysis indicated that these velocities are too high for a direct entry to the 
atmosphere using only a single application of retrothrust before landing. Not 
only i3 an excessive aerodynamic heating rate expected, but the deceleration 
required, due to thrust alone, is excessive. Consequently, the deceleration due 
to thrust was limited to 8g (earth), to simulate the landing restrictions on a 
manned vehicle. With this limitation, the minimum achievable velocity require¬ 
ments are on the order of 11,000 ft/sec, for an approach velocity of 18,100 
ft/sec; 14,500 ft/sec, for an approach velocity of 22,850 ft/sec; and 19,500 
ft/sec, for an approach velocity of 31,300 ft/sec. These high approach veloci¬ 
ties require that ignition of the main retro-rockets take place hundreds of 
miles from the surface of Mars, resulting in large errors in ignition and addi¬ 
tional AV requirements. The total propulsion requirements (including error 
effects), for a direct landing from an approach velocity of 18,100 ft/sec with 

I =430 lbf-sec/lbm, are then found to be approximately 13,000 ft/sec. 

sp 








n Mission Analysis, E (cont.) 


b. Landing fran Mars Orbit 

Two initial circular orbits were considered, cne at 
1000 n.mi., and one at 350 n.mi. It was determined that the velocity require¬ 
ments (including injection into orbit), to land on Mars on a gravity turn from 
the 1000-n.mi., and 350-n.mi. orbits were considerably greater than those for 
the direct approach when atmospheric braising was not considered. However, if 
the technique of entering an elliptical orbit, employing atmospheric braking, 
is used, the orbit-landing requirements are reduced to the following extent: 
for the 18,100 ft/sec approach velocity (259“day trajectory) the requirements 
are comparable to the direct approach, and for the fast approach velocities 
(100- and 150-day approach trajectories), the requirements are 10,000 ft/sec 
and 15,000 ft/sec, which are considerably lower than those for the direct 
approach. 

The initial thrust-to-mass ratio for the landing 
maneuvers should not exceed 2.0, to avoid excessive g loads, and the engine 
should have the capability of throttling to lOi of full thrust. 

F. LUNAR AND PLANETARY TAKEOFFS 

The propulsion requirements for lunar and planetary takeoffs were 
analyzed through the use of a conventional gravity-turn ascent-trajectory pro¬ 
gram on the IBM 7090 computer. The calculations assumed constant thrust and 
specific impulse, and included an appropriate gravitational constant and atmos¬ 
phere (as applicable). However, the rotation of the moon or planet was not 
considered. Trajectories were run for various values of the thrust-to-mass 
ratio, and the "kick-angle" was optimized, when possible, to achieve minimum 
propellant expenditure for each of the initial thrust-to-mass ratio (F/m 0 ) 
values. 

1. Lunar Takeoffs 

The propulsion requirements were determined for lunar take¬ 
offs with ascent trajectories into lunar orbits of 50- and 200-n.mi. altitude, 
and with direct injection on return flights to earth of 1.5, 2.0, and 2.75 days 
duration. The lunar ascent trajectories were computed for F/iHq values ranging 
from 0.5 to 9.0 lbf/lbm. 
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The general propulsion requirements for lunar takeoff 
missions may be summarized as follows: 

a. AV: Ideal velocity requirements on the order of 6000 
to 6500 ft/sec may be expected for takeoffs to lunar orbits. For direct tra¬ 
jectories to earth, the takeoff AV requirements are on the order of 9200 to 
11,500 ft/sec. 

b. Thrust level: Values of the initial thrust-to-mass 
ratio in a range fran 0.8 to 1.6 lbf/lbm appear to be representative of the 
optimum F/m Q for most missions. 

c. Controllability: Since the burnout velocity should be 
held to an accuracy of about 5 ft/sec for takeoffs to low orbits, the required 
percentage of accuracy in delivered total impulse will be about 0 . 1 %. No 
requirement for thrust variability is indicated. Thrust-vector control will 
normally be required, due to the relatively high thrust-to-weight ratios at 
burnout. For lunar orbiting maneuvers, the need for restart at injection is 
indicated. 

d. Storability: The system will undergo storage in the 
environment of space for 1 to 3 days in the outbound trip, and may subsequently 
be stored for periods of weeks to months on the lunar surface before the takeoff. 

2. Mars Takeoffs 

The propulsion requirements were determined for takeoffs to 
Mars orbits of 350- and 1000-n.rai. altitudes, and for injection on Mars-Earth 
flights of 100, 150, and 275 days duration. Hie characteristics of the ascent 
trajectories differed somewhat from those of the lunar flights, due to the 
presence of the Martian atmosphere. 

a. Takeoffs to Orbit 

Hie takeoff maneuvers for injection into circular orbits 
of Mars were analyzed for initial thrust-to-mass ratios, ranging fran 0.75 to 
6.0 lbf/lbm. 
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b. Takeoffs for Mars-Earth Flights 

The Mars ascent trajectories, for direct flights to 
earth, have been based on the use of a two-stage vehicle, since the velocity 
increments required appear to be excessive for a single-stage system. The 
addition of a second stage introduces a number of additional parameters and 
degrees of freedom, such as the relative mass of each stage, the relative 
thrust levels between stages, etc. To reduce the number of possible combinations 
to a reasonable selection, it was assumed that the first stage would consume 
53*3# of the gross vehicle weight as propellant, in every case. 

The propulsion requirements for Mars takeoffs may be 

summarized as follows: 

(1) AV: The ideal velocity increments for Mars 
takeoffs into circular orbit are on the order of 15,000 to 17,000 ft/sec. For 
takeoff on direct trajectories for return to earth, the requirements vary from 
20,000 to 56,000 ft/sec, dependent largely on the flight duration for the Mars- 
Earth trajectory. 

(2) Thrust level: The initial thrust-to-mass ratios 
for Mars takeoffs to orbit are on the order of 0.7 to 1.0 lbf/ltm, while the 
values for both stages of the two-stage vehicle are about 1.5 to 2.0 lbf/lbm. 

(3) Controllability: The desired accuracies for 
orbiting maneuvers and injection on return flights to earth indicate burnout 
accuracies on the order of 10 ft/sec. This requirement indicates total impulse 
control to .03 1o for critical cases. No requirement for thrust modulation is 
apparent, other than a possible use for vernier cutoff. A single restart is 
indicated for the takeoffs to Mars orbits. Thrust vector control will be re¬ 
quired due to the large thrust-to-mass ratios involved. 

(!»•) Storability: The system will be stored for 
periods up to 260 days in transit on the outbound flight, and storage times on 
the surface of Mars may range frcm months to years. Bie time between restarts 
will be on the order of minutes for the orbiting maneuvers. 







III. SYSTEM CONCEPTS 


This portion of the study reviews the applicable propellants and engine 
concepts, which could satisfy the mission requirements under consideration. The 
purpose of this review was to provide the necessary background to develop a 
discrete family of propulsion systems. The results are combined with the find¬ 
ings of the Mission Analysis section to provide a basis for propulsion-capability 
classifications. 

The propulsion system concepts were examined on the basis of performance, 
control versatility, and adaptability to meet operational environment factors. 

The scope of the systems study encompassed: (a) chemical systems including 
liquid, solid, and hybrid systems; (b) nuclear systems, and (c) electrical 
systems. 

A. CHEMICAL SYSTEMS 

1. Liquid Propellants 

a. Cryogenic Bipropellants 

The cryogenic bipropellants which offer the highest 
specific impulse are the combinations of liquid hydrogen with liquid fluorine, 
and liquid hydrogen with liquid oxygen. Since fewer handling difficulties are 
associated with liquid oxygen, the L&j/LHg combination was considered most 
currently representative of this class and was therefore chosen as the propellant 
combination for consideration. After selecting the propellant combination, the 
propellant fraction, as a function of total impulse for several thrust values, 
was computed. 

b. Storable Bipropellants 

The storable bipropellant selected, on the basis of 
experience and data aaassed at Aerojet, was NgO^/Aerozine-50. The propellant 
fractions were calculated for systems using this combination. 

c. Storable Monopropellants 

The Cavea-B inonopropellant was chosen to represent 
this class because of its development history, performance, and also logistic 
considerations. The propellant fractions were determined for monopropellant 
systems using this propellant. 
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2. Solid Propellants 

For space operations, solid propellants should have the 
highest available specific impulse, consistent with such common operational 
requirements as good physical properties, long-term stability under severe 
environmental conditions, reliability, etc. 

Increased performance can be predicted with the use of more 
energetic oxidizers, fuels, or binders. 

A baylta-containing propellant would have a delivered 
specific impulse, at a 40:1 expansion ratio in vacuum, of 305, while a 
formulation containing hydrazine perchlorate has a vacuum specific impulse of 
300. 

Further advances in performance include the use of en¬ 
capsulated metal hydrides, the development of binders containing hydrazine or 
difluoramino groups, and new, high-energy oxidizers. The reduction of inert 
parts weight, by the use of new materials, was seen as another method of 
improving solid-rocket performance. 

Propellant fractions as a function of total impulse were 
developed for solid-propellant systems, assuming a vacuum specific impulse of 
505 . 

Graphs based upon some early advancement in propellant 
development were also prepared, showing future propellant fractions to be 
expected as a function of total impulse (to 10^ lbf-sec) for various thrust 
levels. 

3. Hybrid Systems 

The hybrid system having a solid-fuel grain and a liquid 
oxidizer was compared with the all-solid and all-liquid chemical systems. 

Ccmpared to a solid-rocket propulsion system, the hybrid 
system should have improved thermal cycling characteristics over a wider 
temperature range, greater vibrational endurance, and, in general, better 
physical properties. On the other hand, the necessity of dealing with two 
physical states may limit either the choice of propellants or the usable tem¬ 
perature range of the system. 
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Compared to a liquid bipropellant system, the hybrids are 
potentially simpler in design and capable of greater reliability. 

Vacuum specific impulse values of well over j4o lbf-sec/lbn .. 
appear to be achievable with well-known oxidizers and fuels. 

B. NUCLEAR HEAT-TRANSFER SYSTEMS 

A general review of merit, potential, and characteristics of 
nuclear propulsion systems was undertaken. Two of the most feasible concepts for 
the utilization of fission were considered. The direct transfer of heat to a 
working rocket, and the conversion of heat energy into electrical power for ion 
propulsion. 

C. ELECTRIC ENGINE SYSTEMS 

Miscellaneous electric engine systems, including the colloidal- 
particle engine (a variation of the conventional ion engine), were considered in 
this portion of the study. The arc-Jet engine and plasma engine were briefly 
reviewed. 


D. CONTROL CHARACTERISTICS 

The various propulsion systems were compared on the basis of the 
degree of control flexibility and capabilities that they offer. These control 
characteristics include the ability of the propulsion system to provide thrust- 
vector control, thrust-level control, and total-impulse control. The study 
was limited to qualitative capabilities and comparisons, with only occasional 
use of approximate numerical data to provide some orientation. 

E. OPERATIONAL CONSIDERATIONS 

The manner in which known environmental conditions of space will 
affect the various propulsion systems was reviewed. The conditions encountered 
and the effects considered include zero-g conditions, temperature control, 
meteroids, ionizing radiation and the effects of the vacuum environment. 


Page 30 
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The final section of this report is intended to (a) summarize the overall 
space-propulsion requirements that have been developed by the mission analysis 
work, (b) provide a condensed summary of the advantages and limitations of 
various propulsion systems that were considered in the system concepts section, 
and (c) to indicate any practical categorization of the numerous and diverse 
mission requirements and system concepts into a limited set of primary propulsion- 
system capabilities. 

Due to the comprehensive nature of both the mission analysis and system- 
concepts work, a very broad coverage of space-propulsion requirements and 
applicable propulsion systems has been accomplished. It has, therefore, been 
found necessary to select "representative" propulsion requirements and "typical" 
system characteristics in order to present a compact and understandable picture 
of the overall Phase I results and conclusions. These limitat ons are necessary 
only for the sake of clarity; the ranges of basic parameters that were included 
in Sections II and III of Volume II would allow similar considerations to be 
developed for other payload/mission/propulsion-system combinations that may be 
of interest. 

A. SUMMARY OF PROPULSION REQUIREMENTS 

The space-propulsion requirements that are parametrically presented 
in Section J, Volume II of this report, have been summarized and condensed in 
Table 1. This table presents three groups of data for each of the space maneuvers 
considered, (l) basic mission requirements, (2) representative system character¬ 
istics, and (5) requirements peculiar to liquid-propellant systems. The maneu¬ 
vers listed include all operations considered in Section II of Volume II, except 
the effects of solar-radiation pressure and of solar and lunar gravities. Such 
effects are extremely small and can be most efficiently counteracted by use of 
the vehicle’s conventional attitude-control system. Atmospheric drag, while 
requiring somewhat greater corrective measures, cannot be generalized beyond the 
indicated limits. 
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1. Basic Mission Requirements 

The basic propulsion requirements for each maneuver, as 
established by mission analysis, are indicated by the following characteristics: 

a. Range of ideal velocity-increment requirements 

b. Range of desirable initial-thrust-to-mass ratios 

c. Total-impulse accuracy 

d. Required thrust variability 

e. Restart requirements 

f. Thrust-vector control requirements 

g. Storability requirements. 

The range of ideal velocity increments for each maneuver, 
typically, is quite broad, since it includes the requirements for all probable 
variations of the maneuver under consideration. The ideal AV requirements, 
typically, are related to the characteristics of a specific maneuver in a 
straightforward manner. 

The thrust (and acceleration) requirements for the various 
operations are indicated as a range of "desirable" F/m Q values, where F is the 
nominal thrust, and m Q is the initial gross mass of the vehicle. The indicated 
F/m Q ranges are based on requirements and limitations (sometimes qualitative) 
that could be established through mission analysis, including such considera¬ 
tions as gravity loss, final acceleration, guidance characteristics, maneuver 
accuracy, and engine weight. 

The requirements on delivered total-impulse accuracy that 
are expected for the various maneuvers have been indicated in two forms, (a) 
the allowable total-impulse error per unit-mass at cutoff, Al^/m^, and (b) a 
typical percentage of total-impulse error, AI t /l t . Although the typical 
percentage of impulse error is a representative characteristic for many maneuvers, 
the impulse error per unit-mass is the primary and definitive requirement, frcm 
the propulsion system standpoint. 

When control of thrust level (or total impulse per unit-time 
for pulsing systems) is necessary, due to the basic characteristics of a maneuver, 
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it has been indicated as a ratio of thrust levels under the heading "Required 
Thrust Variability". The basic requirement for thrust variability arises during 
operations that specify exact position and velocity conditions, to be achieved 
simultaneously. For example, rendezvous and landing maneuvers inherently require 
thrust variability, while takeoffs do not. Secondary requirements, such as 
thrust reduction at cutoff for impulse accuracy, or staging to limit maximum 
accelerations, may be necessary for certain systems; however, these are not 
basic mission-related variability requirements and are therefore excluded from 
this column. 

The requirements for restart capability, thrust-vector 
control, and system storability are indicated directly in the next three columns 
of the table. The necessity for thrust-vector control by the propulsion system 
itself (through engine gimbaling, vernier engines, etc.) may often be eliminated 
by use of the vehicle's conventional attitude-control system, when acceleration 
levels are low. 

2. Representative System Characteristics 

A set of representative Bystem characteristics for the various 
space maneuvers form the next major section of Table 1. The representative 
systems are defined by values of initial vehicle mass, thrust level, total 
Impulse, and the resulting payload for the maneuver of interest. Two distinct 
systems are presented for each maneuver, characterized by (a) a relatively large 
payload (either manned or unmanned), and (b) a small payload (unmanned). 

The initial vehicle-mass values were generally selected to 
be roughly consistent with the payload capabilities of either the SATURN, NOVA, 
or CENTAUR launch vehicles. The reference vehicle for each specific case is 
indicated by the initial-mass superscript and the associated footnote. For 
manned, planetary missions it was necessary to go beyond the payload capabilities 
of these boosters in order to achieve adequate space-vehicle sizes. For these 
cases, the use of orbital-launching techniques, or the future increase of booster 
capability is assumed. While there is some continuity in relative sizes carried 
through the various maneuvers involved in probable overall missions, no attempt 
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was made to make this rigorous; each initial mass should be considered 
individually, as representative of either launch capability or mission 
necessity. It must be re-emphasized that the selected vehicle sizes were in¬ 
tended only to establish representative values of thrust and total impulse for 
applicable space-propulsion systems; they are not intended as accurate indica¬ 
tions of the capabilities of the referenced launch vehicles for the maneuver 
under consideration. 

3. Liquid-Propellant System Requirements 

The final two columns of the table are related basically to 
liquid-propellant propulsion systems. Since these systems have a cutoff-impulse 
inaccuracy which is in effect an error in cutoff time, the fractional total- 
impulse inaccuracy can be reduced by decreasing the thrust-to-mass ratio at 
cutoff. 

The first column of the final section indicates the maximum 
thrust-to-mass ratio at cutoff for which liquid-propellant systems can achieve 
the required total-impulse accuracy. These values are based on the allowable 
AC t /m f indicated in a previous column, combined with the cutoff-impulse accuracy 
characteristics for liquid systems as discussed in Section III of Volume II. If 
the thrust level at cutoff is expected to exceed this maximum value, then the 
need for thrust reduction or vernier cutoff for liquid-propellant systems is 
Indicated by the last column of the table. 

B. SUMMARY OP SYSTEM CONCEPTS 

The many and varied propulsion systems described in Section III, 
Volume II of this report are listed in Table 2, together with their characteris¬ 
tics and limitations. The system characteristics have been grouped in two 
general areas, (l) system performance characteristics, and (2) control and 
operational considerations. 

The representative liquid, solid, and hybrid chemical; nuclear- 
heat- transfer; and electrical-propulsion systems have been tabulated in the first 
column. Not every conceivable subsystem combination is included, inasmuch as 
many would represent only minor variations, essentially unevaluated concepts, or 
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detailed component alternatives. Conversely, evaluation of the capabilities of 
seme of these subsystems was necessary to establish the performance of the major 
systems in the areas indicated in subsequent columns of the table. 

1. System Performance Characteristics 

System performance for the propulsion systems under considera¬ 
tion has been represented by two basic parameters, specific impulse and system- 
propellant fraction. The specific-impulse column of the chart is intended to 
show present (or near-future) achievable performance, and the currently foreseen 
limits. While It may be acknowledged that future development and evaluation 
will prove many of these upper performance-limit values to be practically unat¬ 
tainable, it should also be recognized that even better combinations may merge 
from future research. The utility of the specific-impulse figures then resides 
in the general picture they present, indicating where the principal propulsion 
systems fit into the overall performance spectrum. 

The next five columns show approximate propulsion-system 
propellant fraction, m p /m t , for several values of thrust level and total impulse. 
These data have been abstracted either from rough design studies conducted on 
this program or from literature values. In general, the numbers represent same 
advancement from present practice, e.g., use of titanium propellant tanks, and 
may be several percent higher than for current designs. This is particularly true 
for maximum values which are intended to reflect considerable future state-of-the- 
art improvement. In seme cases, as for pressure-fed bipropellants and hybrids, 
insufficient information was found on which to base even hypothetical extrapola¬ 
tions into the future. In addition, the attainment of such "ultimate" figures, 
which are predicated upon sophisticated materials and fabrication techniques 
with minimum safety factors, will be significantly influenced by the type of 
mission (manned or unmanned), reliability considerations, and the availability 
of large booster systems. It is apparent that most chemical systems, when 
considered in their most applicable size range, eventually will not differ sub¬ 
stantially in propellant fraction. IThere such differences exist between any of 
the propulsion systems listed, other factors, such as specific impulse, may be 
of greater importance in selection. 
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2. Control and Operational Considerations 

Bie first column in this area indicates an attempt to 
correlate cutoff inaccuracy to thrust level; the resulting equations and obser¬ 
vations are presented. This is a characteristic that requires further study, 
since it is so intimately related to mission-error analysis, and sane Phase II 
effort in this study will be devoted to a more thorough assessment of available 
operational data. 

The next nine columns of the table represent system attributes 
that either cannot be expressed numerically or for which definitive data have 
not yet been obtained. A three-grade rating system was used to evaluate these 
parameters. Despite the inherent subjectiveness and possible personal bias 
inherent in such an approach, it does indicate areas of excellence, difficulty, 
and ignorance. Considerable opportunity exists in these areas for revising 
present performance estimates, through system development and a better defini¬ 
tion of the space environment. Yet these parameters very frequently guide 
system selection. While a portion of the Phase II study work will be allocated 
to additional evaluation of such system characteristics, it remains primarily an 
area dependent on the pace of future engineering developments. 

It should be recognized that Table 2 represents a condensa¬ 
tion and at times an over-simplification of many factors, and should be used in 
conjunction with the more detailed treatment in Section III, of Volume II. Such 
a compilation indicates the diverse propulsion systems and their performance 
parameters included in the study, and permits initial system classifications 
considering the established mission requirements. 

C. CATEGORIZATION OF PROPULSION REQUIREMENTS 

To conclude the results of the Phase I study effort, an attempt 
has been made to categorize the diverse space-propulsion requirements into a 
compact group of desirable propulsion-system capabilities. Table J indicates 
the propulsion requirements for the representative system characteristics (see 
Table 1), in an abbreviated form. A series of four propulsion-capability clas¬ 
sifications are then presented. These are found to satisfy, in general, the 
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majority of the representative space-propulsion requirements. The capability 
classifications suggest an associated set of fairly distinct propulsion-system 
types. 

1. Abbreviated Space-Propulsion Requirements 

Ufce representative propulsion requirements for the maneuvers 
under consideration are indicated in the first four columns of Table 3. Although 
considerable detail has been emitted relative to the previous tabulation, these 
abbreviated requirements are adequate for purposes of this section. 

2. Propulsion-Capability Classifications 

The four propulsion-capability groups which have been develop¬ 
ed to satisfy the majority of the tabulated requirements are indicated on the 
right of the chart, They include: 

a. Class I: Systems in the range of 100 to 1000 lbf 
nominal thrust providing 0.01 to 0.20 x 10^ lbf-sec total impulse. The classi¬ 
fication does not require thrust-vector control, but must be capable of multiple 
restarts and provide accurate total-impulse control with variable impulse per 
unit-time desirable. 

This classification suggests a pulse rocket, possibly 
operating on storable propellants, with a radiation-cooled chamber. 

b. Class II: Propulsion systems with nominal thrust in 
the 2000 to 20,000 lbf range and 0.20 to 2.0 x 10^ lbf-sec total-impulse capa¬ 
bility. Multiple restarts and thrust-vector control are necessary, but no 
thrust variability and only normal total-impulse accuracy is necessary. 

This category suggests conventional storable, or high- 
performance engines, with regeneratively-cooled or ablative chambers. Several 
engines are currently available, or.are being developed, with satisfactory capa¬ 
bilities in this requirement classification. 

c. Class III: Systems with nominal thrust in the 20,000 
to 100,000 lbf range, capable of approximately 10:1 thrust variability. Total- 
Impulse requirements range frem 2.0 to 20 x 10^ lbf-sec; multiple restart 
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capability and thrust-vector control is required. Accurate total-impulse control 
will be available through thrust reduction before cutoff. 

The thrust variability requirement implies the use of 
film, transpiration, and/or radiation-cooling techniques; or the use of ablative 
chambers, if burning times are not excessive. 

d. Class IV: Nominal thrust on the order of 1 to 6 x 10^ 
lbf, with total-impulse capability in the range from 100 to 1000 x 10^ lbf-sec. 
Normal total-impulse accuracy is adequate, and no thrust variability or thrust- 
vector control is suggested, since the use of small, highly-controllable 
auxiliary engines seems desirable for most missions. However, the system should 
incorporate multiple restart capability. This classification suggests a large, 
high-performance, propulsion system of otherwise conventional design. 

3. Applicability of Requirement Classifications 

The coverage of the representative space-propulsion require¬ 
ments which is provided by the four capability classifications is indicated by 
the intermediate column of the table. It may be noted that the majority of the 
requirements have been included, indicating that the four propulsion-capability 
classifications are fairly indicative of the entire spectrum of space-propulsion 
requirements which have been considered. 
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V. OBJECTIVES AND APPROACH 

Study efforts during Phase II were directed toward the optimization and 
conceptual design of the most promising propulsion systems for specific space 
missions. These include: (l) manned circumlunar missions, (2) manned lunar 
orbiting and return mission, (3) manned lunar landing and return mission, and 
(4) unmanned 24-hour satellite mission. 

The specification of detailed propulsion requirements and propulsion 
criteria for these space missions was largely extracted from the results of 
Phase I (Vol. Il), with extensions including (a) selecting and verifying the 
appropriate three-dimensional nominal trajectories for each lunar mission, (b) 
verifying the propulsion requirements for trajectory corrections, and (c) further 
analysis of requirements and criteria for the specific maneuvers at the moon 
and in a 24-hr earth orbit. 

The qualitative selection of applicable propulsion systems to meet the 
propulsion requirements for the space missions in question entailed the estab¬ 
lishment of basic alternate propulsion-system integration concepts for the over¬ 
all space mission under consideration. This was necessary because of the vari¬ 
ations that exist in such primary parameters as total impulse, thrust level, 
and initial mass, between the individual maneuvers and the probable combination 
of these requirements in the overall mission. The integrated concepts resulted 
from appropriate combinations of the requirements for the individual maneuvers 
comprising the mission within the objectives of the overall mission. 

Based on the comparative performance and evaluation data, specific systems 
were selected which appear superior for the several missions. These systems 
incorporate the best combination of overall performance capability with minimum 
compromise of system reliability, ease of development, operational characteristics 
and flexibility. Injected spacecraft weights consistent with the capabilities 
of the Nova, Saturn C-3, Saturn C-2, and Centaur launch vehicles were selected 
as representative for the various missions. 
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A. LUNAR MISSION 

1. Propulsion Requirements and Criteria 

In specifying propulsion requirements and criteria for the 
lunar missions, the following maneuvers were considered: abort at injection; 
trajectory corrections for the outbound, circumlunar, and return phases; orbiting 
maneuvers at the moon; perigee variation for the lunar orbit; lunar landings 
from orbit; return launch from lunar orbit; and return launch from the lunar 
surface. The combination of these maneuvers provides the basis for all space- 
propulsion requirements derived, including the following parameters, each inde¬ 
pendent of the total vehicle mass: ideal velocity increment, thrust-to-mass 
ratio, impulse accuracy, restarts, thrust variability, and thrust vector control. 

2. Applicable Systems 

The selection of propulsion systems to best meet the mission 
requirements was based on consideration of quantitative weight and dimensional 
criteria, modified by qualitative system attributes and limitations. Propulsion 
systems were divided into five areas to facilitate the analysis: propellants, 
tankage, structure, thrust chamber assembly, and pressurization system. Within 
each of the five areas, operating conditions were chosen, and subsystem weights 
computed on the basis of fabrication experience, empirical correlations, or 
analytical equations. 


Propellants: Liquid propellant systems were considered 
primarily for the lunar mission, although solids were 
compared for specific purposes, e.g., the abort function. 
Among the cryogenics, the liquid oxygen/liquid hydrogen 
combination was selected as the most representative of 
this class. The nitrogen tetroxide/Aerozine-50 combina¬ 
tion was selected as a representative and desirable 
storable-propellant syBtem. 

Tankage Weight: All tankage was initially assumed to be 
spherical, although, in the final evaluation, cylindri¬ 
cal or ellipsoidal tankage was examined for the selected 
system where it appeared to be more appropriate. 

Engine Weights: With regard to engine weights, three 
basic types of thrust chambers were considered, differen¬ 
tiated by the method of cooling: radiation, ablative, 
and regenerative. In addition, the ablative and regener¬ 
ative engine could be either pump- or pressure-fed 
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systems, resulting in the veight difference attributed 
to the turbopump assembly. The effect of g i mballed 
thrust-vector control capability on engine veight was 
also included. 

Pressurization System Weights: An extensive analysis 
of the many possible pressurization systems vas not 
warranted by the scope of this study. Two basic pressuri¬ 
zation systems were considered, which are typical for 
cryogenic and storable systems. 

Total Propulsion-System Weights: The data generated with 
regard to the above mentioned subsystem weights were 
utilized in establishing the total propulsion-system 
weights for various systems and parameter ranges, An 
additional allowance of % of the propellant weight vas 
made for structure in the initial propulsion systems 
comparisons. This estimate was subsequently improved 
by structural weight analyses for the selected configura¬ 
tions. 


B. 24-HR SATELLITE MISSION 

Throughout the analysis of the 24-hr satellite mission, the satellite 
was as aimed to be an active communications relay with density, configuration 
position and attitude tolerances typical to this type of satellite. The analysis 
vas divided into two basic parts. First, the propulsion requirements were estab¬ 
lished and secondly, the competitive systems for each of the payload weights 
vere compared to determine the best system for each payload. 

Propulsion requirements vere determined for the three basic functions 
necessary for 24-hr satellite operations: correction, station keeping and 
attitude control. 
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A. MANNED dRCUMLUNAR MISSIONS 

f 

The analyses of manned circumlunar missions were based on a spacecraft 
weight of 150,000 lb or less, with a minimum return capsule weight of 12,500 lb. 

To cover this wide range of payload weights with sane realism, a series of planned 
launch vehicles were considered, including the Nova, the Saturn C-3 and the 
Saturn C-2.* The configuration of the Apollo spacecraft was utilized as a typical 
lunar-mission capsule.** 

1. Mission Requirements 

a. Trajectory Analysis 

The propulsion requirements and criteria for the manned 
circu m lu na r mission were established on the basis of a selected noninal trajectory. 

A trajectory analysis included (l) a translunar outbound trajectory, which carries 
the vehicle to the vicinity of the moon; (2) a hyperbolic retrograde encounter 
with the moon, which curves the trajectory back toward the earth; and (3) the 
trans-earth trajectory from the vicinity of the moon to the re-entry point near 
the earth's surface. 

A computer study of three-dimensional ballistic trajectories 
for the lunar missions was also undertaken to verify trajectory characteristics 
and requirements established by two-dimensional computer work and closed-form 
analytical calculations. From a series of approximately 100 trajectory runs, 
a sample circum-lunar trajectory was selected for verification of the propulsion 
requirements previously derived on an analytical basis. 

b. Propulsion Requirements for Maneuvers 

The parametric propulsion requirements were determined 
for maneuvers including (1) abort-at-injection capability, and (2) trajectory 
corrections on both the outbound and return portions of the mission. 


^References 10 and 11, Vol. Ill 
Reference 12, Vol. Ill 
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(1) Abort-at-InJection 

Concerning the abort-at-injection maneuver, it was 
determined that ho restart or thrust variability is required for the abort oper¬ 
ation; however, thrust-vector control must be provided to maintain stability 
and orientation. Total-impulse accuracy is not critical for the abort operation. 

(2) Trajectory Corrections 

The circumlunar mission was considered to include 
the following individual maneuvers: (l) a midcourse outbound trajectory correction; 
(2) a terminal outbound trajectory correction; (3) first return-trajectory 
correction for time of flight and perigee errors, and (4) the final return-perigee 
correction. 


The velocity requirements for trajectory correction 
were first evaluated by the analytical study, then verified by the computed sample 
three-dimensional trajectories. An outbound midcourse correction of 100 fps was 
indicated at approximately 50,000 miles from earth, with a total-impulse accuracy 
of 0.01 lbf-sec/lbm. This corresponds to an error in implementation of the corr¬ 
ective velocity increment of about 0.3 -fps. An initial thrust-to-mass ratio 
F/ra 0 between 0.05 and 0.10 lbf/lbra is suggested for the maneuver. The terminal 
outbound correction of 50 fps will occur at approximately 10,000 miles from the 
moon, again with a total accuracy of 0.01 lbf-sec/lbm and a thrust-tc-mass ratio 
between 0.05 and 0.10 lbf/lbm. 

The first return trajectory correction was postu¬ 
lated to occur at approximately 50,000 n.mi. from earth. A AV capability of 
500 fps is included for this maneuver. A thrust-to-mass ratio of 0.07 lbf/lbm 
will result in burning time of about 200 to 250 seconds. Total-impulse accuracy 
is set at 0.10 lbf-sec/lbm resulting in a velocity error of about 3 fps. The 
final trajectory correction occurs at a point about 10,000 n.mi. from the earth, 
and is intended to correct the perigee distance and flight path with sufficient 
accuracy for the atmospheric entry maneuver. A corrective velocity increment 
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of about 100 fps is indicated since the time-of-flight correction will result in 
some unavoidable perigee variation. A thrust-to-mass ratio in the range of 
0.05 to 0.10 lbf/lbm is satisfactory, and the impulse accuracy for the final 
correction should be on the order of 0.01 lbf-sec/lbm. 

A minimum of four restarts will be required for 
the trajectory corrections. Thrust variability will not be necessary; however, 
thrust-vector control must be provided either by the propulsion system itself or 
by an attitude-control system, to maintain accurate thrust-vector control as 
well as vehicle orientation and stability. 

(3) Summary of Specific Requirements 

The specific values for maneuver propulsion 
requirements associated with various launch-vehicle payload capabilities which 
were considered are presented in Table 4. These values are based on the 
requirements established for the separate individual maneuvers; they do not 
reflect desirable changes which result due to integration of the system to satisfy 
overall mission requirements. 

No extensive space storage will be required for 
the abort system since operation, if initiated, would begin at or shortly after 
injection. Since the abort maneuver could be carried out even after injection- 
stage burnout, the capability for a zero-g start must be included. 

The clrcu m lu na r trajectory correction system will 
be subjected to extensive storage durations in space. The final return correction 
will take place from 5 to 7 days after injection. Since the circumlunar trajectory 
consists entirely of a corrected ballistic trajectory, the four or more restarts 
must all be made under zero-g conditions. 

2. Selected Concept and System Specification - 
Nova Jircumlunar Mission 

The selection and integration of appropriate propulsion systems 
for each vehicle was achieved by (a) evaluating absolute maneuver requirements 
based on the general maneuver character!sties outlined in the preceding sections, 
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(b) consideration and selection of appropriate components and system* to satisfy 
these requirements, (c) integration and evaluation of complete configurations for 
the mission, and finally (d) specification of the recommended integrated systems 
for each mission/vehicle combination. 

a. Configuration and Mission S quence 

The overall configuration and conceptual design character¬ 
istics of the selected Nova circumlunar vehicle are illustrated in Figure 1. 

The tankage consists of two NgO^ tanks and two Aerozine-50 tanks; the four 
ablative thrust chambers are grouped near the center of the vehicle to reduce 
canting losses. The excess payload carried on the circumlunar mission over and 
above the maximum assumed capsule weight of 20,000 lb is carried between the 
propulsion system and the capsule. The overall length, including payload, is 
about 20 ft; the diameter is maintained at the 154-in. manned-capsule diameter. 

The gimballed engines supply thrust-vector control; no provisions have been 
included for attitude control in the conceptual design, analyses. . It. is assumed 
tha-n the zero-g propellant expulsion would be carried out by the use of bladders 
in the storable propellant tank. 

The mission sequence for the Nova circumlunar vehicle, 
Configuration 5" By can be described as follows: During the final burning of the 
launch-vehicle stage and through a period shortly after injection, abort capa¬ 
bility is assumed to be available through the use of 6olid-propellant motors for 
abort of the manned capsule only. The initial trajectory corrections are made 
on the outbound mission utilizing the four ablative thrust chambers. The engines 
are fully redundant, supplying very high reliability for the required correction 
maneuvers. After undergoing the hyperbolic encounter with the moon, the vehicle 
will require at least two trajectory corrections on the return flight. These 
corrections are also carried out with the four 2K ablative thrust chambers. 

b. Tabular System Specification 

Tabular specification of the selected propulsion system 
characteristics are presented in Table 5* 
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The selected 5-^ configuration for the Nova circumlunar 
mission as specified in this table is capable of meeting all the mission require¬ 
ments as established in Table 4. It is therefore recommended for further con¬ 
sideration as a desirable concept for trajectory-correction propulsion on circum¬ 
lunar missions in this payload class. 

3* Selected Concept and System Specification- ? Saturn C-3 

Circumlunar Mission 

a. Configuration and Mission Sequence 

The configuration for the selected alternate 8-A^, for 
the Saturn C-3 circumlunar mission is shown in Figure 2. A single NgO^ tank 
and a single Aerozine-50 tank are utilized, with two ablative chambers. The 
overall vehicle length is approximately 18 ft, and the vehicle diameter is main¬ 
tained equal to the 154-in. manned-capsule diameter. 

The mission sequence is identical to that previously 
described for the Nava circumlunar operation. 

b. Tabular System Specification 

The required specification of system parameters for the 
selected Saturn C-3 is presented in Table 5* Since no specific problems or 
deficiencies are evident, the vehicle is considered entirely capable of carrying 
out the circumlunar mission. The required total-impulse accuracy of 400 lbf-sec 
is adequately provided by the selected system as indicated on the specification 
table. 

4. Propulsion System Selection and Integration - 

Saturn C-2 Circumlunar Mission 

a. Configuration and Mission Sequence 

The configuration for the Saturn C-2 circumlunar vehicle, 
alternate 9-A^ is indicated in Figure 3* She general design concept is quite 
similar to that for the Saturn C-3 system, except for reduction in size. A single 
NgO^ tank and a single Aerozine-50 tank are utilized in the configuration, with 
two IK ablative chambers. Two 2K engines with ablative chambers are mounted with 
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canting toward the c.g. of the vehicle; however, their small site permits spacing 
which avoids significant impulse loss, lfce single NgO^ tank and the single 
Aerozine-50 tank are located so that the c.g. location is established and main¬ 
tained on the vehicle centerline during propellant expulsion. Bie overall space¬ 
craft length is 13-1/2 ft, including payload, and the diameter is maintained at 
154 in., equivalent to the manned-capsule diameter. 

The mission sequence for the Saturn C-4 9-A^ alternate 
is identical to that for the Saturn C-3 Nova circumlunar operations. All 
corrections are made with the two IK engines operated either together or alone. 

No abort capability is provided. 

b. Tabular System Specification 

The required detailed specification of the selected 
Saturn C-2 circumlunar vehicle, alternate 9-A^, is presented in Table 5* All 
pertinent mission requirements as established in Table 4 are satisfied by the 
recommended configuration; the required cutoff accuracy of 150 lbf-sec for the 
trajectory corrections is easily provided by the selected system. The inherent 
reliability factor indicates that the storable-propellant combination, pressurized 
feed system, and redundant engines again provide excellent reliability for the 
Saturn C-2 circumlunar mission. 
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B. MAMED LUNAR ORBITING AND RETURN MISSIONS 

The manned lunar orbiting and return mission assigned for Phase II 
study considered spacecraft weights of 150,000 lb or less with a minimum capsule 
weight of 12,500 lb. The launch vehicles considered included the Nova and 
Saturn C-3, which provide capabilities at either extreme of the range specified 
above. The configuration of the Apollo manned capsule was again utilized as a 
typical return and re-entry module. 

1. Mission Requirements 

a. Trajectory Analysis 

The orbiting and return mission consists of (a) outbound 
trajectory corrections, (b) a lunar orbiting maneuver, (c) perilune variation, 
(d) return orbital launch, and (e) return trajectory corrections. The outbound 
trajectory corrections are intended to provide the correct perilune distance 
for direct injection into the desired lunar orbit. As the vehicle nears 
perilune point of the approach trajectory, a velocity increment is added in 
the retrograde direction for injection into a circular orbit. It is assumed 
that it will be desirable to reduce the perilune altitude to approximately 
50 n.mi, for observation or experimental purposes. After the desired duration 
in lunar orbit has elapsed, the vehicle will be orbit-launched on the trans¬ 
earth trajectory, with injection initiated near the perilune point. Return 
trajectory corrections are then required to establish the correct perigee 
altitude for entering the re-entry corridor. 

Based on propulsion requirements for the lunar orbiting 
and return mission, established during the Phase I study and verified during 
the Phase II computer trajectory analysis, outbound and return trajectories of 
65 to 75 hours were selected. 

b. Propulsion Requirements for Maneuvers 

The maneuvers considered for the manned orbiting and 
return mission include (l) abort at injection; (2) outbound trajectory correc¬ 
tions; (5) lunar orbit maneuvers, Including outbound orbit injection, perigee 
variation, and return orbital launch; and (4) return trajectory corrections. 
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(1) Abort at Injection 

For abort at injection, a minimum thrust-to-mass 
ratio of 1.3 lbf/lbm is required to complete the abort maneuver, with a velocity 
increment of 7000 ft/sec. Restart and thrust variability will not be required 
during abort, but thrust-vector control must be included. Total-impulse 
accuracy will not be critical. 

(2) Outbound Trajectory Corrections 

The use of current booster-guidance capability 
with conventional radar tracking indicates that an outbound midcourse correction 
velocity increment of about 100 fps would bring the perilune error to about to 
n.mi. The correction should be made between 50,000 and 75>000 miles from the 
earth, to provide adequate tracking time for trajectory selection without 
excessive increase in the corrective velocity increment. 

With a vehicle-borne optical terminal-guidance 
system for lunar approach, the indicated terminal correction velocity of about 
20 to 25 fps should be made at a radius of approximately 10,000 n.mi. from 
the moon. This will ensure a perigee error of +5 n.mi. or less. 

A thrust-to-mass ratio in a range between 0.025 
and 0.25 lbf/lbm is acceptable for the outbound lunar corrections. A total- 
impulse accuracy Al^/m Q , of 0.01 would be adequate for the correction maneuvers. 
Thrust variability is not necessary, but thrust-vector control must be pro¬ 
vided, either by the attitude-control system of the vehicle or by gimballing 
of the correction engines to ensure proper orientation of the corrective 
velocity vector and to maintain vehicle orientation and stability. 

(3) Outbound Orbit Injection 

An ideal velocity-increment capability of 3300 
fps was specified for a flight duration of 73 hr to accomplish injection into 
a 200 n.mi. lunar orbit; this requirement was verified by computer analysis. 

It was determined that increase in AV due to finite burning times is quite 
small for this maneuver - on the order of 20 ft/sec or less for initial thrust- 
to-mass ratios greater than 0.10 lbf/lbm. A total-lnpulse accuracy of about 
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0.20 lb-sec/lbm is indicated, resulting in perigee inaccuracy of 4 to 5 n.mi. 

A single start is required, and no thrust variability is necessary for the 
orbit injection maneuver. 

(4) Perilune Variation 

A velocity increment of 250 fps was calculated 
for reduction of the perilune altitude to 50 n.mi. from the 200-n.mi. circular 
altitude, including some allowance for contingencies. A total-impulse 
accuracy, AI t /M f , of 0.10 will result in a perilune error on the order of 2 
or 3 n.mi. Thrust-to-mass ratios between 0.10 and 0.5 lbf/lbm are indicated 
for this maneuver. If the cutoff accuracy is adequate, the maneuver can be 
completed with a single start and no thrust variability. 

(5) Return Orbital Launch 

A velocity-increment capability of 3200 fps was 
calculated for the return orbital launch on a 73-hr return trajectory. A 
return launch impulse accuracy of 0,10 lbf-sec/lbm is suggested, resulting 
in a velocity error at injection on the trans-earth trajectory of approximately 
3 fps. The return orbital launch maneuver can be carried out with a single 
start and no thrust variability for the propulsion system. 

(6) Return Trajectory Corrections 

Two trajectory corrections are anticipated on the 
return flight for the orbiting and return mission. The first would occur at 
approximately 50,000 n.mi. from the earth and would require a total corrective 
velocity increment of 150 fps. The final correction would occur at approximately 
10,000 n.mi. from the earth and would require a velocity increment of 50 fps. 

A total-impulse accuracy of 0.01 lbf-sec/lbm is specified for the return 
corrections, resulting in a velocity error of 0.3 fps. Thrust-to-mass ratios 
between 0.02 and 0.50 are desirable for the correction maneuvers. Two to three 
starts will be required for return trajectory corrections. 'Thrust variability 
is not required, but thrust-vector control must be provided either by the 
attitude-control system or by gimiballing the correction engine. 
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(7) Summary of Specific Requirements 

The absolute values for maneuver propulsion 
requirements for this mission, based on the Nova and Saturn C-3 payload capa¬ 
bilities, are indicated in Table 6, These values again indicate the require¬ 
ments established for the individual maneuvers, with no system integration 
adjustments for completion of the overall mission. 

c. Environmental Considerations 

The outbound trajectory for the orbiting and return 
mission will be of 3 or 4 days duration; 2 or 3 'lays we anticipated in the 
lunar orbit; and the return trajectory will also be of 2 or 3 days duration. 
Thus, the propulsion systems for outbound trajectory correction, outbound 
orbit injection, and perilune variation will be subject to space storage for 
3 to 4 days. The return orbital launch Bystem and return trajectory correction 
propulsion id 11 be subjected to storage durations in the range from 5 to 10 
days. Since the orbiting and return mission consists entirely of ballistic 
orbital flight, each of the starts for the individual mrneuvers mU3t be made 
under zero-g conditions. 

2. Selected Concept and System Specification - Nova Orbiting 
and Return Mission 

a. Configuration and Mission Sequence 

The general configuration of the selected Nova lunar 
orbiting and return system, alternate 3-C^ is presented in Figure 4. This 
configuration consists of a large, nearly spherical, hydrogen tank with four 
smaller oxygen tanks nested below. The high-thrust abort engine is centered 
at the rear of the vehicle, among the four tanks, with the two main engines 
arranged in a straight line, with some canting. The vehicle plus payload 
is approximately 34 ft long, with the upper interface with the manned capsule 
154 in. in diameter, and the lower interface with the final launch - vehicle 
injection stage 220 in. in diameter. 

The mission sequence for the selected 3-C 1 alternate 


is ac follows: 
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As velocity is gained for injection into the 
translunar trajectory, the propulsion system is pressurized to begin the abort 
maneuver, if necessary. If abort is necessary,the vehicle is separated from 
the booster and re-oriented for the proper abort thrust-vector direction. The 
large abort engine is fired, with the two main 10K engines operating for thrust- 
vector control. 

If the abort maneuver is not initiated, the 
propulsion system is not utilized until the outbound trajectory corrections are 
required; at this time, a single 10K engine is used for carrying out the approp¬ 
riate correction maneuvers. The abort engine could be separated during the 
outbound flight if desired, with a small increase in return payload capability. 

Upon arrival near the perilune point on the 
approach trajectory, the two 10K engines are fired for injection into the 
lunar orbit. After the circular orbit has been established at the desired 
altitude, the two 10K engines will again be ignited at the desired time for 
the perilune reduction maneuver. The return orbital launch iB also initiated 
with both of the 10K main propulsion units after the 2 to 4 days assumed to be 
spent in the lunar orbit. 

Return trajectory corrections are carried out 
with a single 10K engine; the vehicle must be slightly canted during this 
maneuver with respect to the desired corrective velocity direction. After the 
final correction maneuver, and upon approach to the re-entry point, the propul¬ 
sion system is separated and the manned capsule undergoes re-entry. 

b. Tabular System Specification 

A tabular specification of the characteristics of the 
selected propulsion system is presented in Table 5» The only shortcoming of 
the selected Nova orbit and return propulsion system lies in the total-impulse 
accuracy for return corrections. The allowable impulse error defined by the 
summary of maneuver requirements in Table 6 is 250 lbf-sec for the return 
correction; the 3o* cutoff accuracy of the selected system is 420 lbf-sec with 
a single engine operating. However, the required total-injulse accuracy is 
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with a aj'confidence-error interval for the selected system; alternately, the 
final trim on the return trajectory corrections could be provided by settling 
Jets, or by Jets included in the attitude-control system. Since all other charac¬ 
teristics of the selected system satisfy the requirements established by the 
mission and by the assumed launch vehicle, the specification included in Table 
5 defines the recomnended space-propulsion system for the Nova manned orbiting 
and return mission. 

5. Selected Concept and System Specification - Saturn C-3 
Orbiting and Return Mission 

a. Configuration and Mission Sequence 

The configuration of the selected 6-C 1 alternate for 
the Saturn C-3 orbiting and return mission is shown in Figure 5» The tankage 
consists of a single ellipsoidal hydrogen tank and four spherical oxygen tanks 
nested below it. Two 30K abort engines were utilized rather than a'60K engine 
as in the Nova configuration due to the fact that a 60K abort engine could not 
be placed in the center of the LOg/LHg tank cluster without interference with 
the 5K main engines. The overall length of the payload plus propulsion system 
is 24 ft. The interface with the manned capsule is at the 154-in. diameter; 
this diameter is maintained over the entire vehicle length. 

The sequence of operation for the selected 6-C^ system 
on the Saturn C-3 orbiting and return mission is quite similar to that previously 
discussed for the Nova orbiting mission. The system is pressurized during 
injection on the translunar trajectory to allow quick re-orientation and abort 
if required. After the period for injection abort-capability is passed, the 
abort engine could be separated if desirable, with a consequent improvement in 
payload due to less inert weight being carried through the orbiting and return 
launch maneuvers at the moon. The trajectory corrections are made with a single 
5K engine, with adequate total-inqjulse accuracy. The total 10K thrust capa¬ 
bility of the mission propulsion engine is used for the injection into lunar 
orbit, perilune variation, and return orbital launch maneuver. 
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b. Tabular System Specification 

The required tabular specification of the characteristics 
of the selected space propulsion system for the Saturn C-3 orbiting and return 
mission is presented in Table 5« 

The characteristics of the selected system adequately 
satisfy all mission requirements specified for the Saturn C-3 orbiting and 
return mission in Table 6. 

C. MANNED LUNAR LANDING AND RETURN MISSION 
1. Mission Requirements 

a. Trajectory Analysis 

The manned lunar landing and return mission has been 
based on the concept of a landing from lunar orbit. Compared with a straight- 
in approach, the orbit landing procedure allows more precise determination of 
initial conditions for the final landing maneuvers, reconnaissance of the 
landing site before initiation of the landing, reduced accuracy requirements 
in certain parts of the landing guidance and control systems, and increased 
flexibility in selection of the landing area. The lunar landing and return 
mission based on the orbit landing approach includes the following maneuvers. 

(1) Outbound trajectory corrections 

(2) Lunar orbiting maneuver 

(3) Perilune variation to the desired altitude for 
landing initiation 

(4) A gravity turn continuous-thrust landing 
maneuver 

(5) Hovering and transverse maneuvering at low altitude 
prior to touchdown 

(6) Takeoff for a direct return to earth flight, 
after desired stay on the lunar surface 

(7) Return trajectory corrections for trans-earth 
flight. 
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The outbound trajectory for the manned lunar landing 
and return mission will be identical to that for the lunar orbiting and return 
operation previously discussed. The perilune variation for the landing and 
return mission will require a decrease to about 10 n.mi. lunar altitude; this 
maneuver does not require a large velocity increment, but it does require high 
total impulse accuracy. The actual lunar landing from orbit is initiated near 
the perilune point; it is postulated to consist of a continuous-thrust 
ballistic-turn to the landing site. Although the maneuver can be completed 
with a nominally constant thrust, error effects will result in a requirement 
for some thrust level modulation. The effects of gravity loss, errors, and 
perilune altitude have been investigated by the use of a two-dimensional com¬ 
puter program for the lunar landing maneuver. 

The requirement for takeoff from the lunar surface for 
injection on the trans-earth trajectory was based on the results of the Phase I 
study. The return trajectory correction requirements were based on results of 
analytical work similar to the work carried out to determine requirements for 
the circumlunar trajectory, which established the requirements to achieve a 
desired perigee altitude and re-entry point on return to earth. The return 
trajectory correction requirements were found to be quite similar to those 
which were verified in three-dimensions for trans-earth trajectories on the 
circumlunar mission. 

b. Propulsion Requirements for Maneuvers 

(1) Outbound Trajectory Correction and Orbit Injection 

The propulsion requirements for the outbound 
trajectory corrections and the outbound orbit injection maneuvers are identical 
to those for the manned orbiting and return mission, since identical trajectories 
and lunar orbit altitude are postulated. 

(2) Perilune Variation 

The perilune variation maneuver consists of a 
reduction of perilune altitude to 10 n.mi. from the 200 n.mi. circular orbit. 

The ideal velocity increment for the perilune variation maneuver remains 
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approximately 250 fps including contingencies. The total-impulse accuracy for 
the maneuver Al^/m^, must he he.ld to approximately 0.03 lbf-sec/lbm to maintain 
a perilune altitude tolerance of about +1 n.mi. Values of P/m 0 ranging from 
0.1 to 0.5 lbf/lbm appear to be satisfactory for this maneuver. The maneuver 
will be carried out with a single start after 3 to 5 days space storage. Thrust- 
vector control must be provided; however, thrust variability is not required, 
provided that the initial thrust-to-mass ratio, considered from a total impulse 
accuracy standpoint, is not excessively high. 

(3) Lunar Landing 

Nominal propulsion requirements for landing from 
orbit have been based on the results achieved in Phase I of the study. A 
gravity-turn landing from the orbital altitude of 10 n.mi. is postulated. The 
required ideal velocity increment capability of 6000 fps includes some allowance 
for contingencies. It was determined from a landing error analysis that a 
thrust variability of at least 1.2:1 will be necessary. The landing will require 
a single start after 3 to 5 days of space storage. Thrust-vector control will 
be necessary to maintain vehicle attitude and stability. 

(4) Hovering and Transverse Maneuvering 

The hovering and transverse maneuvering requirement, 
during the final phase of the lunar landing, will require 1600 fps of ideal 
velocity increment, assuming a 3 to 5 min hovering capability with about 2000 ft 
of transverse maneuvering range. A thrust variability of at least 1.5 to 1 will 
be required for this maneuver. A single start is anticipated after 3 bo 5 days 
of in-flight storage in space. Thrust-vector control will be necessary to 
maintain vehicle orientation during the hovering and transverse maneuvering 
functions. 

(5) Lunar Takeoff 

An ideal velocity increment capability of 9000 fps 
has been specified for the lunar takeoff maneuver. Thrust level in the renge 
of 0.8 lbf/lbm is expected to be near optimum. A total impulse accuracy of 
0.10 lbf-sec will provide a burnout accuracy of +3 Ihrust variability 
is not required for the takeoff maneuver, although thrust-vector control through 
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engine gimballing will be necessary due to the relatively high thrust level 
involved. The takeoff maneuver will be completed with one start after 3 to 
5 days of in-flight space storage and 3 to 10 days of storage on the lunar 
surface. 

(6) Return Trajectory Corrections 

The return trajectory corrections on the lunar 
landing and return missions are similar in all respects to those required for 
the orbiting and return flight. A velocity increment capability of 200 fps is 
required with a thrust-to-mass ratio from 0.02 to 0.25 lbf/lbm. No thrust 
variability is necessary, but thrust vector control must be provided either 
through the use of an available attitude control system or engine gimballing. 
The trajectory corrections will require 2 to 3 starts after 6 to 8 days of 
in-flight space storage and 3 to 10 days of storage on the lunar surface. 

(7) Summary of Specific Requirements 

Desirable specific values for maneuver propulsion 
requirements on the manned landing mission are presented in Table 7. The 
characteristics are again based on the individual maneuver requirements, with 
no adjustment for system integration based on the complete mission. 

c. Environmental Considerations 

An indicated in the previous section, in-flight space 
storage durations for the various maneuver propulsion systems may range from 
3 to 8 days. Storage duration on the surface of the moon for the lunar 
takeoff and return trajectory correction systems will be from 3 to 10 days. 

All maneuvers will require zero-g start, except the lunar takeoff operation 
which will be initiated under one lunar gravity. 

2. Selected Concept and System Specification - Nova Single-Stage 
a. Configuration and Mission Sequence 

The configuration for the selected Nova single-stage 
landing and return vehicle is presented in Figure 6. The basic configuration 
consists of a spherical liquid hydrogen tank with six cylindrical hydrogen and 
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oxygen tanks forming a ring at the rear of the vehicle. The engine projects 
down through the center of the ring of cylindrical tanks, with thrust structure 
carrying loads into the vehicle skin at about station 1)00. Two of the cylinders 
contain all of the outbound liquid oxygen requirement, and a large fraction 
of the outbound liquid hydrogen requirement. The 60K, regeneratively-cooled 
main engine will just pass through the center of the ring formed by the tanks 
upon takeoff at the lunar surface. The "expended" tankage will form a 
support structure and launch pad after landing on the moon. The liquid oxygen 
for the return trip is contained in four spheres located above the spherical 
liquid hydrogen tank. The zero-g start requirement will be satisfied by the 
use of small settling jets or by the attitude control system to provide a small 
acceleration for locating the propellant. The vehicle has an overall length of 
48 ft including the payload capsule, and the interface diameter with the launch 
vehicle is 260 in. Interface with the capsule is again located at the 154-in. 
diameter. 

The operational sequence for the single-stage Nova lunar 
landing and return vehicle is as follows: after injection on the translunar 
trajectory, abort capability is provided by the nominal total mission propulsion 
capability of about 20,000 ft/sec. The outbound trajectory corrections are 
made with the 60S engine throttled to its minimum thrust level of 10 K. 

Upon nearing the perilune point of the approach 
trajectory, the vehicle is injected into lunar orbit using the full 60K 
nominal thrust level. The landing from orbit is initiated from the perilune 
point, the trajectory consisting of a gravity-turn powered deceleration that 
reaches zero velocity several hundred feet above the lunar surface. During the 
landing maneuver, the variable-thrust main engine will be tinder closed loop 
control, to provide closure on zero velocity and the desired hovering altitude. 
Upon reaching this altitude, the engine will be throttled to its minimum thrust 
level, and hovering can be sustained for 5 to 5 min with thrust levels in a 
range from 10 to 12 K. 

Upon conpletion of the desired lunar stay time, the 
vehicle is launched from the lunar surface, using the empty tanks as a launching 
structure. The full 60K thrust level will be utilized at this point to minimize 
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gravity losses during the lunar takeoff. As the vehicle velocity nears the 
trans-earth injection velocity during lunar launch, the main engine will he 
throttled to its 10 K thrust level to achieve the required cutoff accuracy 
for the return flight. The return trajectory corrections for the Nova landing 
and return mission with a single stage vehicle will he made utilizing the 60K 
engine throttled to its minimum thrust level of 10K. Before arrival at the 
re-entry point near the earth, the payload capsule will he separated and will 
re-enter alone. 

b. Tabular System Separation 

The required tabular specification for the selected 
single-stage Nova manned landing and return vehicle is presented in Table 8. 

The system meets all propulsion requirements indicated in Table 7 with the 
exception of the return trajectory correction cutoff accuracy of 300 lb-sec. 

This correction can be made at approximately the 2cr confidence level using 
the main engine throttled to its 10K thrust level, or it can be trimmed through 
the use of settling jets or the attitude control system. Since the system 
meets all other maneuver requirements with high payload capability, it is 
recommended for further consideration for the manned lunar landing and return 
mission. 

3. Selected Concept and System Specification - Nova Two-Stage 

In addition to the single-stage Nova manned landing and re¬ 
turn configuration, a two-stage Nova configuration was considered as well. 

a. Configuration and Mission Sequence 

The configuration for the first stage which was selected 
for the two-stage Nova lunar landing and return mission is presented in Figure 
7. The general characteristics of this configuration include a large single 
liquid hydrogen tank with a short cylindrical section for better utilization 
of the vehicle envelope. Four cylindrical 10 ^ tanks are nested beneath the 
hydrogen tank, with the 50K regeneratively-cooled, pump-fed main engine 
centered among them, and the four 3*5K ablation-cooled vernier engines between 
their bottom extremities. The overall stage length is approximately 33 ft 
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between separation planes. The nominal diameter of the stage is 220 in., with 
a tapered second stage interface at 198 in. diameter. 

The selected IOg/LHg second stage alternate, 2-A_ 1Q , 
is illustrated in Figure 8. The pressurized tankage for this configuration 
also consists of a single, nearly-spherical, LHg tank, with four cylindrical 
IX)2 tanks nested beneath it. The two fixed 25K ablative main engines protrude 
upward between the cylindrical tanks, and the two gimballed 2K engines are 
located below the cylindrical tanks with adequate room for ginibal operation. 

The second stage, alternate 2 -A^q, is 35 ft long, measured from the top to the 
separation plane. This stage, with the first stage 2-A^, results in a 
combined length, for the lunar landing and return stages, of approximately 70 
ft. 

The configuration of the storable second stage alternate, 
2-A^2> is illustrated in Figure 9* This configuration includes an ellipsoidal 
oxidizer tank, with two near-spherical fuel tanks. The two 25K main engines 
are again projected beside the tanks. The 2K vernier engines are located 
beneath the tanks and 90° out of the main engine plane. All engines are 
ablatively cooled and pressure fed. The stage length to the separation plane, 
including the payload, is approximately 28 ft. The overall length for the 
combined first and second stage is approximately 63 ft. The nominal stage 
diameter is maintained at 154 in., except for the flared skirt which completes 
the interface with the first stage alternate 2-A^ at a diameter of 198 in. 

The operational sequence for the two-stage lunar landing 
and return mission is described below. This sequence applies to two-stage 
vehicles made using either the LOg/LHg upper stage or the storable second-stage 
configuration. 

The abort maneuver capability for the two-stage Nova 
manned landing and return vehicle is provided by the 20,OCX) ft/sec of 
velocity capability which is necessary for the nominal mission. The outbound 
trajectory corrections are completed using 3*5K ablative verniers in the first 
stage. The outbound orbit injection maneuver is powered by the single 5OK 
engine; the four ablative verniers providing thrust vector control. The 
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perilune variation, prior to the soft lunar landing, can be accomplished with 
the four 3.5K engines, or with two used alone, to provide the required total 
impulse accuracy of better than 3330 lbf-sec. Landing from orbit is initiated 
with the 50K main engine and the 3*5K verniers providing the required varia¬ 
bility to correct for initial perilune errors, and guidance and control 
variations. The gravity-turn landing maneuver is completed at an altitude 
of several hundred feet above the lunar surface, with effectively zero vertical 
and transverse velocities. At this point, the thrust level is reduced by 
cutting the main 50K engine. The four 3»5K variable-thrust verniers then 
provide control thrust, in the 10 to 15 K total range, to allow hovering and 
transverse maneuvering. 

For the lunar takeoff maneuver, the second-stage 
vehicle is launched directly by separation from the first stage. Since the two 
25K main engines may not be able to provide the necessary total impulse accuracy, 
for the lunar takeoff maneuver, this velocity can be trimmed by use of the 
2K ablative vernier chambers alone. The total impulse accuracy of a single 
2K engine will be adequate to complete the return trajectory corrections within 
the specified total impulse accuracy of 300 lbf-sec. Upon approaching the 
re-entry point, after the final re-entry trajectory correction has been made, 
the manned capsule separates and re-enters alone. 

b. Tabular System Specification 

The tabular specification of the characteristics of 
the -selected propulsion systems for the two-stage manned lunar landing and 
return missions are presented in Table 8. Since each of the stages can 
adequately satisfy the appropriate requirements specified by the maneuver 
summary, Table 7, the selected systems are recommended, since they are 
entirely capable of carrying out the landing and return mission. 
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The analysis of the 24-hour satellite mission was divided into two basic 
parts. First, the propulsion requirements were established; second, the com¬ 
petitive systems were compared for three payloads and the best system for each 
payload was specified. 

A. MISSION REQUIREMENTS 

Propulsion requirements were determined for three basic operations 
which the satellite propulsion system will be required to perform. These 
operations are: (l) orbit correction for the elimination of injection errors 
and for the achievement of the desired longitudinal position, (2) station 
keeping, and (3) attitude control. Table 9 presents the summary of propulsion 
requirements for the 24-hour satellite, based on the propulsion requirements 
for these areas. 

1. Correction of Injection Errors 

The propulsion requirements for correction of injection 
errors and for achievement of a desired longitudinal position are as follows: 

a. The velocity increment will vary between approximately 
100 ft/sec and 450 ft/sec. 

b. The minimum thrust-to-mass ratio will be about 4 x 10“^ 
lbf/lbm; this will increase if maneuver times to achieve the correct longitude 
are required to be less than one month. The maximum expected value can be as 
large as 0.2 lbf/lbm. 

c. The total impulse-to-mass ratio will vary between 
2.0 lbf-sec/lbm and 15 lbf-sec/lbm. 

d. Accurate control of total impulse for each correction 
will be required, since any errors remaining sifter cut-off of the orbit correc¬ 
tion system will have to be corrected by the station-keeping system. 
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VII Unmanned 24-hour Satellite Mission (cont.) 


e. The system must have restart capabilities for correc¬ 
tion of the in-plane errors. 

f. Thrust modulation will not be required if variable 
burning times are employed. 

g. An attitude control system must be available for the 
correction maneuvers, to provide thrust vector control and to correct any 
thrust misalignment which may be present. 

h. The operational duration of the system used for orbit 
corrections will range from approximately one week to about one month. 

2. Station Keeping 

The propulsion requirements for performance of station keeping 
were determined, and these may be summarized as follows: 

a. The velocity increment required will generally range 
from 15 ft/sec. to 70 ft/sec. for one year operation. An additional maximum 
increment of 8 ft/sec will be required for each additional year of operation. 

If angular position tolerances of less than t 0.25° for a one-year life or 

± 0,50° for a two-year life are required for the orbit plane inclination, there 
will be an additional requirement of approximately 26 ft/sec per year. There¬ 
fore, the total requirement could be as high as 95 ft/sec for a one-year life 
or 130 ft/sec for a two-year satellite life. 

b. Thrust-to-mass rotation can vary within a wide range, 
but for typical propulsion parameters will probably lie in the range from 

2 x 10' k to 10" 2 lbf/lbm. 

c. The required total Impulse-to-mass ratio will be in the 
range between 0.3 and 3.0 lbf*sec/lbm for a one-year life with an additional 
maximum requirement of 0.25 lbf-sec/lbm for each additional year. If the out- 
of-plane correction is necessary, then an additional 1.0 lbf-sec/lbm per year 
will be required. Therefore, the maximum requirement for a two-year life is 
about 3-25 lbf-sec/lbm. 
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VII Unmanned 24-hour Satellite Mission (cont.) 


d. If a convergent correction scheme is specified, the 
allowable tolerance must be greater than i 0.5° for out-of-plane motion and 
about i 10 to - 20 for in-plane motion for a two-year life. 

e. Maximum possible accuracy should he achieved in total 
inpulse control since the total inpulse requirement is a function of the 
propulsion system accuracy. 

f. Multiple restart capability will he arranged. 

g. Thrust modulation will not be required. 

h. An attitude control system must be available for thrust 
vector control and for offsetting any thrust misalignment which may be 
present. 


i. me operational duration of the station-keeping 
correction system will range from a minimum of two months to a maximum of 
about two years. 


3. Attitude Control Requirements 

The following table summarizes the total impulse and thrust 
requirements for the attitude control system. 

a. Total Impulse (2-Year Life) 


Total Impulse (lbf-sec) 


Solar pressure 

Centaur 

300 

Saturn C-2 

2,000 

Saturn C-3 

3,000 

Gravity gradient 

— 

... 

— 

Thrust Misalignment 

ISO 

1,300 

6,300 

Meteorite Impact 

— 

— 

— 

Initial Rates 

1 

IS 

90 

Undisturbed Limit Cycle 

660 

12,300 

25.000 


1,141 

15,615 

84,390 
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VII Unmanned 24-hour Satellite Mission (cont.) 


b. 

Thrust 

Thrust(lb) 



Centaur 

Saturn C-2 

Saturn C-3 

Solar Pressure 

10" 5 to 10" 5 

-2 -4 

10 * to 10 

5xlO* 5 to 0.5 

Gravity gradient 

— 

— 

— 

Thrust Misalignment 

10’ 5 to 0.1 

5xl0" 5 to 0.5 

0.03 to 3.0 

Meteorite Impact 

— 

— 

— 

Initial Rates (Optimum 
Valves) 

1.16 

21.0 

130.0 

Undisturbed Limit Cycle 

0.015 

0.33 

2.0 


The additional requirements of the attitude control system include: restarta- 
bility, maximum total impulse accuracy, and an operational duration in the space 
environment of about two years. 

B. SYSTEM SELECTION AND SPECIFICATION 

The various propulsion and control systems applicable to the 24-hour 
orbit satellite operation vere reviewed. Some of the systems considered are: 
cold gas, monopropellant and biprqpellant reaction-Jet systems, and special 
systems such as reaction wheels for attitude control and evaporation or sub¬ 
limation Jets. Subsystems such as tankage, positive expulsion methods, and 
attitude sensors were also reviewed. Based on the propulsion requirements 
summarized in Table 9 the selected systems include cold gas, liquid biprppellant 
and reaction-wheel systems. 

1. Specification of the Integrated System - Centaur 

The selected propulsion system is a dual system utilizing 
NgO^/Aerozine-JO as propellants for the combined orbit correction, station 
keeping operation with a total impulse of about 5000 lb-sec, and reaction wheels 
for attitude control augmented by cold-gas Jets. The general configuration and 
arrangement of nozzi.es for this system is shown in Figure 10. 

The mode of operation will be to employ an opti onal thrust¬ 
pulsing system as follows: During the large initial orbit corrections and the 
correction to achieve the desired longitude, the system will not operate 
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VII Unmanned 24-hour Satellite Mission (cont.) 


using the pulsing method, but will employ conventional, continuous thrust mon¬ 
itored by low-g accelerometers to provide accurate thrust termination. For the 
station keeping operation, however, thrust pulsing will be used; i.e., the 
system will switch to pulsing operation, providing a variable number of speci¬ 
fied minimum- total-impulse pulses. With each correction, fewer pulses are 
required as finer accuracy is achieved, until in the final limit cycle, one or 
a very small number of pulses are required to reverse the drift of the satellite 
at each edge of the allowable error cone. 

A final system weight breakdown is given in Table 10 and a 
summary of the tabular propulsion system specifications is presented in Table 11, 

2. Specifications of the Integrated System- Saturn C-2 

The selected system utilizes NgO^/Aerozine-50 pressure-fed 
propellants for combined orbit correction, station keeping, and Jet augmentation 
of the reaction wheels used for attitude control. The system has a total im¬ 
pulse of approximately 107,000 lbf-sec. The mode of operation is essentially 
the same as the one described for the Centaur payload. That is, an optional 
pulse system is specified - one in which conventional thrusting is employed 
during orbit correction and attitude control, and pulsing operation is used 
for station keeping to obtain increased accuracy. The selected system, as for 
the Centaur case, employs redundant engines for in-plane orbit correction, 
station keeping, and attitude control functions. The number and arrangement of 
the engines are the same as for the Centaur payload as shown in Figure 10. 

3. Specification of the Integrated System - Saturn C-3 

The mode of operation and system characteristics for the 
Saturn C-3 selected propulsion system are essentially the same as that for the 
Saturn C-2 selected system, except for size effects. The final system veight 
breakdown is presented in Table 10, and the complete system specification is 
summarized in Table 11. 
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